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Interactions between laser and carbon nanotubes (CNTs) were investigated with a 
focused laser beam system. Phenomena of sustained laser-induced incandescence (LII) 
and laser-induced actuation were observed and studied. Bright and sustained LII of 
CNTs was achieved by irradiating a continuous wave focused laser beam on CNTs that 
are subjected to moderate vacuum. The sustained incandescence originated from 
radiative dissipation of heated CNTs due to laser-CNT interactions. Numerical fittings of 
the LII intensity spectrum with Planck blackbody distribution indicate a rise of 
temperature from room temperature to ~2500 K in less than 0.1 s. Through a systematic 
study of the effect of vacuum level and gaseous environment on LII, the process of 
thermal runaway during LII in CNTs was discovered. Post-LII craters with well-defined 
ring boundaries in the CNT array were observed and examined. Enhanced purity of 
CNTs after LII as indicated by Raman spectroscopy studies was attributed to the 
removal of amorphous carbons on the as-grown CNTs during LII. Laser-induced rapid 
actuating microstructures made of aligned carbon nanotube (CNT) arrays are achieved. 
Desirable operational features of the CNT micro-actuators include low laser power 
activation, rapid response, elastic and reversible motion, and robust durability. 
Experimental evidence suggests a laser-induced electrostatic interaction mechanism as 
the primary cause of the optomechanical phenomenon. Oscillating CNT micro-actuators 
up to 40 kHz are achieved by driving them with a modulated laser beam. The detailed 
studies of the above phenomena laid the groundwork for future applications of laser-
CNTs interactions. LII provides an effective way of achieving rapid high temperature 
heating at specific localized positions within CNT arrays. LII can also be used to increase 
the heat resilience of CNTs. The CNTs micro-actuators are utilized in exerting a sub-
micro-Newton force to bend nanowires. Electrical coupling of the micro-actuator and 
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Chapter 1  
 
Introduction to Carbon Nanotubes 
 
 
Since carbon nanotubes (CNTs) were discovered by Sumio Iijima in 1991 [1], 
they have attracted intensive research interest worldwide due to their remarkable 
properties. The intricate relation between the geometry and electronic structure of CNTs 
is a unique feature that opens up exciting avenues in nano-electronics applications. 
Impressive mechanical properties of high strength, extraordinary flexibility and large 
amplitude reversible deformations were predicted theoretically and confirmed 
experimentally. High thermal conductivity of CNTs had also been measured by various 
groups. To expand the horizon of application, it is important to study the various 
interactions between CNTs and other particles, from the fundamental photons and 
electrons, to complex macro-molecules such as DNA and proteins to fully realise the 
potential of CNTs. Light-induced reactions and phenomena of CNTs is one particularly 
interesting field of research that has been gaining popularity in the recent years. The use 
of laser to impinge on CNTs had been found to result in various phenomena such as 
exfoliation [2], purification [3], morphological modifications [4], trimming [5,6], actuation 
[7], and photoconductivity [8]. Vertically aligned carbon nanotubes have also been 
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recently claimed to be the darkest man-made materials ever [9]. It is thus an exciting 
thought to hold a material with such supreme light harvesting power having the potential 
to exhibit an overwhelming range of light-induced interactions. In this work, we used a 
focused laser system to study interactions between light and CNTs. Focused laser beams 
make use of optical tools to squeeze a large amount of energy into a small area and are 
applied in various technologies ranging from optical trapping of cold atoms to ignition of 
localised high energy reactions. Here a moderate power continuous wave laser is coupled 
to an optical microscope (OM) to give a simple setup with the objective lens of the OM 
focusing the illumination light and the laser beam onto the sample. Interactions between 
the focused laser beam and the CNTs sample can be thus observed in real-time.  
 
The structure of the thesis will be as follows. For the rest of the Introduction, we 
will give a brief overview of CNTs, from its synthesis to various physical properties and 
discuss current trends in nanotubes research. These will be important considerations in 
utilising CNTs for potential devices. In Chapter Two, we will discuss the various 
experimental tools and techniques utilised. This will include a detailed introduction of the 
equipment central to this work, the focused laser beam system. The capability of the 
system in terms of laser pruning of CNTs with the focused laser beam will be 
demonstrated in the chapter. Chapter Three introduces laser-induced incandescence (LII) 
of CNT arrays in vacuum and details the various experiments of LII in various gaseous 
environments. In Chapter Four we look into the amazing phenomenon of laser-induced 
actuation of aligned CNT micro-structures. The observations, mechanism and 
functionality will be presented and discussed. In Chapter Five, we review the various 
interactions between CNTs and the focused laser beam and propose potential 
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applications and development of CNT-based devices. Finally, we conclude our work in 
Chapter Six. 
 
1.1  The Birth and Rise 
 
Almost every scientist working on CNTs have read (or at least read about) 
Iijima’s famous 1991 publication in Nature, entitled Helical microtubules of graphitic carbon [1]. 
Later he searched for “a name that will be recognised worldwide” [10] and decided upon 
“carbon nanotube”. While attributing the full credit for the discovery of CNTs to Iijima 
may be argued [11,12], his discovery of multi-walled CNTs through his expertise on 
transmission electron microscopy (TEM) is an exemplar of serendipity. Furthermore the 
tremendous impact of Iijima’s 1991 report is undoubted. Published in an impactful 
journal at a time when scientists and engineers race in collaboration towards advanced 
synthesis and characterisation of new materials, CNTs captured the attention of a wide 
range of researchers in various fields ranging from material scientists to condense matter 
physicists. Intense research activity in CNTs that followed immediately includes the 
developments in large scale synthesis [13], predictions in electronic structures [14,15], 
deformation studies [16], the discovery of single-walled CNTs [17,18], etching [19] and 
filling [20] of CNTs, magnetic measurements [21,22], purification of CNTs [23] and etc. 
Recent developments and potential applications of CNTs are extensive and will be 
discussed in a later section. A rapid rise in CNTs research right after its discovery is 
evident from the number of research papers published in selected high-impact journals as 
shown in Figure 1.1. Even with several yet unsolved technicalities and competition 
mounting from the discovery of graphene and other novel nano-materials, CNT research 
seemed to be hiking along a plateau after passing its peak. We close this section with a 
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note on the practical value of CNTs – in a Friday Evening Discourse1
 
 held in May 1997 at 
the Royal Institution in England, Iijima said, 




























Figure 1.1. The rising trend of CNTs research as depicted in number of papers published 
in selected high-impact journals. 
 
1.2  Structure 
 
A perfect single-walled CNT can be visualised as a rectangular segment of a 
single layer of graphite sheet (or graphene) with two opposite sides identified to form a 
                                                          
1 The Friday Evening Discourse was founded by Michael Faraday, with the aim of introducing 
latest science innovations to the general audience. It is a prestigious affair where top researchers 
worldwide are invited to present their recent scientific results to members and guest of the Royal 
Institution in London. 
5 
 
cylindrical structure. The tube may be open-ended or capped with half a carbon fullerene 
at one or both ends. The boundary conditions are satisfied by having one of the Bravais 
lattice vectors of the graphene sheet map onto the circumference around the cylindrical 
structure. There are of course many ways in which the honeycomb plane can be rolled 
and each can be specified by the set {n,m} (often referred to as the chiral vector) where n 
and m are integer coefficients to the primitive lattice vectors a1 and a2 in the 
circumferential vector  
 
.21 aaC mnh +=       (1.1) 
 
Figure 1.2 shows the construction of a {4,1} nanotubes. The two lines of AB and A’B’, 
separated by hC , are to be identified to form the nanotubes. One can define the chiral 
angleθ  as the angle subtended by a1 and hC . Simple geometry gives  
 
nmmnah ++=
22C      (1.2) 
 
and  ( )hma C2/3sin 1−=θ      (1.3) 
 
where nm25.021 === aaa . The diameter of the tube given in Figure 1.2 is 0.36 nm. 
{n,n} and {n,0} nanotubes are known as armchair ( )°= 30θ  and zigzag ( )°= 0θ  
nanotubes respectively while the remaining are called chiral nanotubes ( )°<< 300 θ .         
 
Multi-walled CNTs can be visualised as concentric shells of single-walled CNTs. 
They are in fact the first CNTs that were observed by Iijima and are generally easier to 
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produce than their single-walled counterparts. In this work we mainly use aligned arrays 

















1.3  Synthesis 
 
Common methods of synthesis of CNTs are arc discharge, laser ablation, and 
chemical vapour deposition. Most of the CNTs utilised in this work are grown by a 
plasma enhanced chemical vapour deposition technique (PECVD). An outline of the 
various growing methods will be given in this section, while the PECVD growth will be 
discussed in greater details in the following chapter.    
 
Arc discharge synthesis of CNTs was the method of growth by which Iijima first 
discovered CNTs in 1991. This method was popularly used to fabricate many carbon 
species including C60 bucky balls and other fullerenes due to the high temperature of the 
arc (~3700oC). Soon after, in 1992, Ebbesen and Ajayan [13] successfully produced 
CNTs in large quantities by this method. The process is briefly summarized below. A 
pair of graphite electrodes in an inert gaseous environment initially in contact is separated 
to ignite a DC electric arc discharge. Upon the dissociation of the electrodes, the space in 
between is filled with electrons and the gaseous molecules in the environmental chamber. 
The former accelerates towards the anode, ionizing the latter along the way by impact 
ionization, causing a plasma plume and a lighted arc. Energetic collisions onto the anode 
result in sublimation of the anode material (graphite). CNTs are found on the cathode. 
As the anode is consumed, it is continuously tracked with a carefully controlled motor 
towards the cathode to maintain a stable discharge plasma. An efficient water-cooling 
system was found to be very important to attain good quality and high yield of CNTs. 
 
The laser ablation technique, first developed by Smalley’s group [24], uses a 
pulsed laser (eg. Nd:YAG) or a powerful continuous-wave laser (eg. CO2 laser) to 
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impinge on a target consisting of carbon and metal catalyst, thereby create a highly 
reactive plasma and evaporating the target. The target sits in a quartz tube with a flowing 
inert gas on which the evaporated carbon species entrain and are delivered to a water-
cooled copper collector downstream. This method is efficient, yielding 70-90% graphite 
to CNT conversion. No catalyst is required for multi-walled CNT growth in both the arc 
discharge and laser ablation techniques while transition metal catalysts (such as Fe, Co 
and Ni) are necessary for the synthesis of single-walled CNTs. 
 
The chemical vapour deposition synthesis of CNT uses gaseous hydrocarbons 
(eg. methane, acetylene, benzene, ethanol, etc.) deposited on metal-catalyst coated 
substrates in a heated furnace or chamber to form single or multi-walled CNTs. This 
method can be employed with and without the use of plasma. An advantage of the 
vapour growth approach is that CNTs can be synthesized continuously, and thus under 
optimal conditions, the CVD method can be scaled to produce large amounts of CNTs. 
In our work we fabricate our own CNT samples using the plasma-enhanced chemical 
vapour deposition (PECVD) method to grow vertically aligned arrays of multi-walled 
CNTs [25]. The hydrogen plasma generated by radio frequency provides an electric field 
which serves to promote the growth of the nanotubes in the direction of the applied 
field. Details of our PECVD synthesis of CNTs will be described in Chapter Two. 
 
1.4  Electronic Properties 
 
CNTs hold a unique feature where the geometry of the tube plays an important 
role for its electronic structure. One third of single-walled CNTs are metallic and two 
thirds are semi-conducting. Such a conclusion can be derived by considering periodic 
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boundary conditions imposed on the tight-binding model derived electronic structure of 
two-dimensional graphene. The electronic structure of the π-bands near the Fermi level 
are solved to give  
 
( ) ( ) ( ) ( ))(cos2cos2cos23 22 aakakak 11 −⋅+⋅+⋅+= πε ppVk         (1.4) 
 
where k is the two dimensional wave vector in the hexagonal Brillouin zone of graphene, 
a1 and a2 are the primitive lattice vectors as defined in Figure 1.2. The reciprocal lattice 
vectors b1 and b2 are defined to relate with the primitive lattice vectors by 
ijji πδ2=⋅ ab . In the central Brillouin zone, the conduction and valence bands are 

























k K      (1.5) 
 
The rolling of the graphene sheet into a CNT imposes a periodicity given by the Born-
von Karman boundary condition: 
 
dh π2=⋅Ck      (1.6) 
 
where Ch is the circumferential vector as defined by Equation (1.1) and d is some integer. 
For metallic nanotubes, one substitutes Equations (1.1) and (1.5) into (1.6) and 
immediately finds that the difference in the chiral vector elements (n - m) are multiples of 
3. By considering curvature of the nanotubes, one attains a more accurate description, 
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where all armchair nanotubes ( )mn =  are metallic, CNTs obeying ( ) Ζ∈− 3/mn  are 
narrow band-gap semiconductors, while the rest of the tubes are moderate band-gap 
semiconductors. Moreover the band-gap follows an inverse relation with the diameter of 
semiconducting nanotubes. For multi-walled CNTs, the outer-most tubes play the 
dominant role in the carrier transport properties. Since the diameter of the outer-most 
tube is often large (~20 nm), the band-gap (if any) is very small, such that thermal 
excitation in room temperature suffice to bring the electrons to the conduction band. For 
this reason multi-walled CNTs are often stated to be metallic. The above qualitative 
descriptions are studied quantitatively in various pioneering works [14,15] and excellent 
reviews on CNTs [26,27].  
 
1.5  Optical Properties 
 
 With two thirds of the single-walled CNTs being direct bandgap semiconductors, 
photoluminescence (PL) from these CNTs are expected. The luminescence originates 
from electron-hole recombination across the band edges after laser excitation. The 
emission energy depends on the electronic band structure of the CNT which is in turn 
dependent on the particular diameter and chirality. PL thus serves as a direct optical 
probe of the electronic band structure and structure of single-walled CNTs [28]. Multi-
walled CNTs are mostly non PL-active due to their metallic nature.  
 
 Another popular optical probe for materials is Raman spectroscopy, which often 
share the same piece of machinery as that of PL. Raman spectroscopy had been used to 
characterise carbon materials even before the discovery of CNTs [29,30]. Pioneering 
experimental measurements of Raman scattering of multi-walled CNTs by Hiura et al. 
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[31] showed two main peaks centered at 1574 cm-1 and 1346 cm-1. The former was 
compared to the spectrum of highly oriented pyrolitic graphite (HOPG) which is singly-
peaked at 1580 cm-1 and thus referred to as the G-band corresponding to one of the two 
E2g vibrational modes of sp2 graphitic planes. This band may be split into the G+ and G- 
modes where the former higher frequency component corresponds to vibrations along 
the nanotubes axis while the latter lower frequency component corresponds to that along 
the circumferential direction. This G+-G- splitting is large for small diameter single-walled 
CNTs but almost not observable for multi-walled nanotubes. The intensity of the D-
band at around 1350 cm-1 is associated with the degree of sp3 bonding and arose in the 
Raman spectra of CNTs due to defects in the curved graphene sheets, tube ends and 
impurities of carbonaceous nature [32]. Single walled CNTs exhibit radial breathing 
modes (RBM) where all the carbon atoms move in-phase in the radial direction. These 
modes can be found in the low wave number regime. The RBM is highly sensitive to the 
diameter and chirality of the CNTs. The Kataura plot was introduced by Kataura et al. 
[33] to give a plot of the RBM peak positions for different {n,m} single-walled CNTs. 
This greatly facilitates the analysis of the Raman spectroscopy and characterization of 
single-walled CNTs. The ratio of G-band to D-band intensities can be used as an 
indicator for the purity of CNTs. The lower the D-band compared to the G-band for a 
particular CNTs sample, the less defects it contains.  
 
Sharp peaks in the density of states at specific energy levels, known as van Hove 
singularities, are present in both metallic and semiconducting CNTs. Transitions between 
the energy levels at the singularities were found and documented in Kataura plots [34]. 
An application is that of photocurrent, whereby infrared laser illumination induced direct 
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excitation of the E2-2 exciton state of SWCNTs, which decayed to electron-hole pairs that 
served as free carriers for photocurrent detection[35]. 
 
1.6  Nanotube Applications, Current Trends and Open 
Problems 
 
The unique morphology of CNTs, coupled with excellent mechanical and 
electrical properties have sparked the interest of scientists and engineers to race towards 
development of CNT devices. Below we briefly introduce some applications of CNTs in 
line with current research trends. 
 
CNT Electronics 
With the exponential scaling down of electronics as successfully predicted by 
Moore’s Law since 1965 [36], great technological barriers threaten the continual 
realisation of the law today. Two problems commonly identified are the conductivity of 
interconnects and doping of channels in small dimensions. Conductivity of copper 
interconnects will suffer as the device size reduce due to increasing electron scattering 
from grain boundaries and interfaces. Doping of extremely small silicon-based channels 
will inevitably result in a large percentage difference in the number of dopants between 
each fabricated device. CNTs boost a large current capacity of up to 109 A·cm-2, almost 
three orders larger than copper [37], inviting many to utilise CNTs for interconnects and 
vertical vias [38-42]. Among the vast literature of CNT based electronics devices from 
field effect transistors [43-45] to Schottky diodes [46-48], a recent paper by Peng et al. 
[49] reported fabrication of doping-free diode and transistor devices based on CNTs, 
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thus suggesting new ways to overcome the doping problem. Referring back to Moore, he 
said in a conference in 2003 [50],  
 
“No exponential is forever, but ‘Forever’ can be delayed!” 
 
Bioapplications 
The enormous potential of CNTs in bioapplications has been recognised recently 
and attracted much attention across the physics, chemistry and medicine community. 
Functionalization of CNTs with proteins, DNAs/RNAs and carbohydrates in general 
leads to biocompatibilization of CNTs [51]. Each functionalized CNT serves a specific 
task. For example, CNTs bonded with a specific peptide sequence binds selectively to the 
heptameric receptor-binding subunit of anthrax toxin and destroys the latter through 
CNT-mediated generation of reactive oxygen species after near-IR radiation [52]. In the 
field of biosensors, semiconducting CNTs makes field effect transistors that are highly 
sensitive to adsorption of biological macromolecules, which result in a change of the 
electronic states thus producing detectable signals for sensing [53-55]. CNT-assisted 
delivery of bio-molecules such as peptide, nucleic acids and small molecular drugs has 
also been studied [56-58]. Bioimaging with CNTs are achieved through direct 
fluorescence microscopy [59,60] or indirect imaging based on nanotube-attached 
fluorescent or radioactive agents [61,62]. A recent interesting work found that CNTs can 








The development of hybrid nanomaterials opens the door to a wide range of 
multi-functional composites by combining the physical properties of different materials. 
CNTs, due to the outstanding electrical and mechanical properties, are often engineered 
to form hybrids with metal oxides for various applications. In some recent examples, 
coaxial MnO2/CNT array were fabricated and utilised as electrodes in lithium ion 
batteries to give better electronic conductivity and improved capacity [64]; photoinduced 
charge transfer from PbS or CdS quantum dots/nanoparticles to CNTs [65-67] paves the 
way for advanced opto-electronics; tough and “damage tolerant” CNT-ceramic matrix 
composites relying on mechanisms of crack deflection at CNT-matrix interface and crack 
bridging by CNTs accommodate deformations by external shear forces [68,69]. 
 
Apart from the above applications, CNTs had been utilised as scanning probe 
tips [70], employed in composites [71-74], as electrochemical devices [75,76], as field 
emitters [77,78], as gas storage and gas sensing media [79-81], solar cells [82,83], lithium-
ion batteries [84-87] and etc. Their versatility is truly remarkable. CNTs serve as an 
adaptable material for scientists to explore the possibilities of bringing everyday 
applications to the nanoscale. Examples of such are CNTs yarns and fibres [88-93], 
polarizer [94], cooling fins [95], flash memory [96], radio [97] and etc.     
 
Open Problems 
Unfortunately almost twenty years since its discovery, CNTs have arguably yet to 
live up to its expectations. Although there were great promises from various experiments 
over a wide range of applications, there are still a number of technicalities that have had 
prevented the wide-scale usage of CNTs. One such problem is the challenge of 
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separation of CNTs. While methods of large scale production of CNTs are widely 
implemented, the yield is typically made up of bundles of nanotubes with different 
length, diameter and chirality. The unique property of chirality-dependent electronic 
structure also meant that the bundles contain a contingent of tubes with varying electrical 
properties. Strong Van der Wals forces of attraction between CNTs and their small size 
make them hard to separate and manipulate by conventional methods. Methods of 
alternating current dielectrophoresis [98], dispersion in organic surfactant such as 
octadecylamine in tetrahydrofuran [99,100], DNA assisted ion-exchange chromatography 
[101], nucleic acid-assisted direct current agarose gel electrophoresis [102], etc. had been 
explored. However much research is still required to fine-tune and industrialize these 
techniques. 
 
The potential toxicity of CNTs was addressed by various groups [58,103-105] 
(see also the review by Kostarelos [106]). If unresolved this problem will pose a major 
hindrance to CNTs research, especially in areas of bioapplications. The long aspect ratio 
and fibre-like form of CNTs is disturbingly similar to that of asbestos, the latter known 
to cause mesothelioma [107], or cancer of the lining of the lungs. Generally, fibres 
thinner than 3 µm, longer than 20 µm and structurally stable in lungs are considered to 
be hazardous. By injecting CNTs into the mesothelial lining of lab mice, Poland et al. 
demonstrated in vivo that macrophages (white blood cells that phagocytose or engulf 
foreign/unwanted objects in tissues) are not able to fully phagocytose or engulf long 
multi-walled CNTs, leaving segments of CNTs to protrude out of the macrophages 
[105]. The remains of such ‘frustrated phagocytosis’ cannot be cleared by the draining of 
lymph vessels and thus accumulate in the tissues, causing inflammation and possibly 
carcinogenic effects. A way to overcome this may be through chemical functionalisation 
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of CNTs to promote well dispersibility and improve excretion rates of CNTs in tissues to 
prevent accumulation. More experiments need to be performed to investigate the 
persistence and toxicity of CNTs in our bodies before CNTs may be deemed useful in 
clinical applications.   
 
1.7  Light-CNT Interactions 
 
The study of light-CNT interactions was motivated by the fundamental 
groundwork on matter-photon interactions, potential applications of opto-mechanical 
and opto-electrical properties of CNTs, and accidental discoveries of unusual yet 
interesting observations when light meets CNTs. Andrews and Bradshaw employed a 
quantum electrodynamics approach to determine the general result for the force between 
a pair of CNTs under laser irradiation [108] while Zhang and Iijima provided the first 
experiment evidence of light induced motion of CNTs [109]. Ma et al. presented the 
various morphological changes of CNTs under laser irradiation [4], thus advocating post-
growth processing of CNTs with laser. Optically induced electronic transport in CNTs 
was studied under various systems such as thin SWCNT film [8], individual CNTs 
[35,110], p-n junctions [111] and CNT field effect transistors. Ajayan et al. first 
discovered that CNTs can be triggered by a photo-flash to ignite at a temperature of at 
least 1500oC [112]. Tseng et al. studied this unusual phenomenon, particularly on the 
photoacoustic waves generated upon light-induced ignition [113]. Meanwhile, 
Singamaneni et al. observed similar ignition while performing micro-Raman 




While the works mentioned above suggest bright prospects for further research 
on light-CNT interactions, there is to-date no practical applications based on such 
interactions. It is evident to workers in this field that much more efforts need to be, and 
can be made to realise the potential devices. The earlier works on light-CNT interactions 
opened a door of possibilities but had also left much room for improvements to be 
made. Furthermore, advances in laser technology provide researchers with more 
powerful and higher quality lasers at more accessible prices. As CNTs continue to be one 
of the favourite playgrounds for scientists to probe in the nanoscale, research in light 
(laser)-CNT interactions is important for both fundamental knowledge and technological 
evolution. Led by the above motivation, we sought to study light-CNT interactions with 
a moderate power continuous wave laser beam that is coupled with an optical 
microscope to focus into a micro-sized spot onto our CNT samples. The intense focused 
laser beam is efficiently absorbed by the aligned CNTs, resulting in various observations 
of laser pruning, laser-induced incandescence and actuation. This thesis presents a 
detailed description of these observations, addresses the fundamental science and 











Chapter 2  
Experimental Techniques  
 
In this Chapter, we describe the adopted method of CNT fabrication, various 
characterisation techniques, the focused laser beam system and its application in laser 
pruning of vertically aligned CNTs. Several additional instruments incorporated into the 
focused laser beam system to study laser-CNT interactions are also introduced. 
 
2.1  Synthesis of Vertically Aligned CNTs 
 
CNTs utilised in this work are grown vertically aligned on a substrate via a 
plasma enhanced chemical vapour deposition (PECVD) method. The use of hydrogen 
plasma enables the dissociation of the carbon precursor to occur at a lower temperature 
and also provides an electric field which serves to promote the growth of CNTs in the 
direction of the applied field. Figure 2.1 shows a schematic of the experimental setup for 




Figure 2.1. Schematic of PECVD system used for the synthesis of aligned arrays of 
MWCNTs. 
 
We begin with Si(100) (n+ type) wafers containing the native oxide layer, typically 
cut into small dimensions of 5 by 5mm, as substrates for CNT growth. The substrates 
were cleaned by sonicating in isopropanol followed by deionized water for 30 minutes 
each and air-dried in ambient or in a hot oven. The cleaned substrates are loaded into the 
chamber of a radio frequency (RF) magnetron sputtering system (RF Magnetron Denton 
Discovery 18), which was used to deposit a layer of iron (Fe) catalyst from a Fe target 
(99.9%, Aldrich) onto the substrates. Thickness of the catalyst layer ranges between 40-
50 nm. The catalyst-coated silicon substrate was then transferred into the PECVD 
chamber and the system is pumped down to below 10-5 Torr to minimize impurities and 
water vapour. Subsequently, the substrate is heated to the desired temperature of 




Figure 2.2.  Photograph of the PECVD system used to fabricate aligned CNTs arrays. 
Inset shows the RF sputtering system used to deposit the iron catalyst needed for CNT 
growth. 
 
Once the desired temperature was reached, the chamber is isolated from the 
turbo pump with a hi-vac valve and hydrogen (H2) gas was let into the chamber at 60 
sccm. After flushing the chamber with H2 for 6 minutes, RF (13.56 MHz, 80 W) was 
introduced to create H2 plasma. The pre-treatment of the reducing hydrogen plasma was 
to remove any iron oxide layer and to promote the formation of elemental Fe on the 
substrate. Also in the process the thin film of iron turned into islands on the substrate, 
thus forming sites for the nucleation and deposition of carbon. After 10 minutes of the 
pre-treatment, acetylene or C2H2 gas was introduced into the chamber at a flow rate of 22 
sccm. The flow of H2 was maintained at 60 sccm while the power of the RF plasma was 
increased to 100 W. Pressure in the PECVD chamber was adjusted and maintained at 
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1.20 Torr during the carbon deposition. Deposition was performed for 60 minutes, 
producing vertically aligned multi-walled CNTs of typically 30-50 μm in length. We note 
that in our system, the H2 plasma was maintained throughout the deposition step to 
promote CNTs to grow in an aligned fashion. This was attributed to the electric field 
induced at the plasma sheath region which encouraged the growth of the CNTs in a 
direction parallel to the field perpendicular to the surface of the substrate. After the 60 
minutes of deposition process, the RF frequency was turned off and gas flows 
terminated. The system was allowed to cool to room temperature before breaking the 
vacuum to retrieve the samples. Figure 2.2 shows the photograph of the PECVD system 
with the inset showing that of the RF sputtering system. Aligned multi-walled CNTs 
were also successfully grown on quartz substrates with the same method as described 
above. 
 
2.2  Characterisation Techniques 
 
Scanning Electron Microscopy 
Scanning electron microscope (SEM) is the most widely used equipment to study 
surface features of micro- and nano-sized objects in research laboratories and in 
industries. A finely focused electron beam scans on the samples and secondary electrons 
emitted from the sample can be used for imaging. The morphological characterization of 
the CNTs and the micro-structures created in this work was carried out using the field 
emission SEM JEOL JSM-6700F. The spatial resolution of ~10 nm can be achieved. The 
typical acceleration voltage and emission current used for imaging range from 2 to 10 kV 
and 5 to 20 µA respectively. A typical SEM image of vertically aligned CNTs synthesized 





Figure 2.3. Cross sectional SEM image of vertically aligned CNTs fabricated with 
PECVD method as detailed above.  
 
Transmission Electron Microscopy (TEM) 
Since the properties of nanostructures are highly dependent on their size and 
structural defects, characterisation of individual CNTs is essential. TEM is a feasible 
technique with the advantage of large magnification range. Images are formed by a beam 
of electrons transmitting through a thin section of the specimen, interacting with the 
atoms in the specimen as it passes through. The TEM inspection of our CNT samples 
are carried out using JEOL JEM-2010F with 200 kV electron beam. For TEM analysis, a 
suspension was first prepared by scraping bundles of CNTs from the as grown substrate 
into analytical grade (99.9%) ethanol and sonicating for at least 10 minutes. The CNTs 
can then be transferred onto commercially available copper TEM grids with holey carbon 
film by dip-coating in the CNTs suspension. The grids are then dried in air before 
loading into the TEM. TEM images of CNTs fabricated by the PECVD method is 









Raman spectroscopy is a useful technique for material identification by analyzing 
vibrational, rotational and other low frequency modes in a sample. It involves 
illuminating the sample with monochromatic radiation (typically a laser) and using a 
spectrometer to examine the inelastic scattering of photons after photon-phonon 
interaction within a material. Results are usually recorded in terms of the difference in 
wavenumbers between the impinging and scattered radiation, known as the Raman shift. 
Different materials have different vibrational modes, and therefore give rise to a different 
characteristic Raman spectrum. All Raman spectra reported in this works are taken using 
Renishaw Ramascope 2000 system with an Olympus microscope attachment and a 514.5 
nm laser used as the excitation source. A typical Raman spectrum of as-synthesized 
MWCNTs grown using the PECVD technique is shown in Figure 2.5. 
24 
 















Figure 2.5. A typical Raman spectrum of as grown multiwalled CNTs. 
 
2.3  The Focused Laser System &  
   
 
 
Patterning of CNTs is of interest to various applications such as micro-
electronics [115-118], field emission [78,119,120], photo-voltaic devices [121] and micro-
channels [122]. Typical patterning techniques often involves standard lithographic 
techniques [123,124], and printing of catalyst onto substrates [125]. Clearly these catalyst 
patterning techniques are carried out before the growth of CNTs. Our group had 
developed a post growth processing technique which employs the use of a focused laser 
beam to create unique user-defined micro-structures with aligned CNT arrays. This 
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technique offers flexibility and convenience for one to grow or buy aligned CNT samples 
in bulk, then pattern the desired design when needed. Intricate two-dimensional patterns 
such as the reproduction of the Hampton Court maze and three-dimensional 
architectures exemplified with a CNT model of the Stonehenge were fabricated as shown 
in Figure 2.6. The basic working principle is similar to a playful experiment one may have 
tried as a kid—using a magnifying glass to focus sunlight on a piece of paper to burn it! 
Here a powerful optical microscope objective lens is used in place for the magnifying 
glass to focus a moderate power laser2
 
 on the surface of aligned CNTs to burn and 
destroy a local patch of CNTs. We name this technique laser pruning, drawing the 
analogy for the pruning of plants in a garden landscape. 
 
Figure 2.6. Models of (a) The Maze at Hampton Court palace garden near London and 
(b) Stonehenge3
 
, a UNESCO world heritage site located in Wiltshire, England, fabricated 
by way of laser pruning of CNTs. 
                                                          
2 Here in our experiments we have used laser instead of sunlight as the light source. However in a 
separate experiment by fellow members of our laboratory, sunlight gathered with a telescope and 
focused through the objective lens also results in pruning of nano-materials.  




Figure 2.7. Schematic of the focused laser beam system with photographs of selected 
components. Image in the TV monitor is the top-view of our CNTs model of the 
Hampton Court maze as seen through the optical microscope.  
 
The focused laser beam system is the central piece of equipment utilized 
throughout the various works presented in this manuscript. Here we will describe in 
detail the workings of the focused laser beam system and its utility in laser pruning. 
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Figure 2.7 shows the schematic of the focused laser beam system. The main components 
of the system are an optical microscope and a continuous wave laser source with 
moderate power. The optical microscope was custom-made to include an additional 
housing to allow a laser beam to enter. The laser used was a single mode, continuous 
wave, red diode laser (Intellite RS655-70), with the measured intensity peaking at 
wavelength of 660 nm. The laser unit emits a parallel beam (divergence of <2 mrad) with 
an output beam diameter of 3 mm and a measured maximum output beam power of 80 
mW.  While the above red laser is typically used, it shall be noted that other lasers of 
various wavelength (404, 532, 633, 810 and 1064 nm) were also used to demonstrate 
similar phenomena and results. The optical train is directed towards the optical 
microscope by mirrors M1 and M2, which are not strictly necessary but provide immense 
convenience to the user in the alignment of the beam to subsequent components. Inside 
the microscope, the beam deflects from a dichroic filter (D) down to an objective lens 
(L). The lens used is a Nikon 50× lens with a numerical aperture of 0.55 and a long 
working distance of 8.7 mm. The roles of the objective lens are to focus the laser beam 
onto the sample and at the same time capture the image of the sample. As it is dangerous 
to use the microscope eyepiece to directly view the laser pruning process, a CCD camera 
is mounted as shown in Figure 2.7 and connected to a television monitor and a computer 
with video recording software to view and capture the pruning process in real time.   
 
The power of the laser beam after passing through the setup was measured to be 
approximately 30% of the original laser output. Illumination of the sample was provided 
by the optical microscope light source (not shown) deflected down the beam splitter B. 
The built-in light source is usually sufficient and no external light sources are required. 
However by removing the beam splitter (B), up to 60% of the source laser power can be 
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transmitted onto the sample. Hence when greater laser power was called for, the beam 
splitter can be removed and external light sources (Techniqup FOI-150 Fiber Optics 
Illuminator 150 W) will be used to illuminate the sample. The parallel beam converges 
after passing through the lens to form a Gaussian beam with a narrow beam waist of no 
more than 4 microns. Intensity of the focused laser beam at its waist is thus ~500 000 
times stronger than original laser output. As such, even with an inexpensive laser unit of 
moderate laser power, CNT arrays can be effectively burnt at the focused laser spot. 
Laser pruning is thus performed by moving the CNT arrays with respect to the focused 
laser beam.  
 
 
Figure 2.8. Schematics of (a) top pruning, (b) side-way pruning, (c) bottom pruning and 
(d) slant pruning of aligned CNTs arrays. 
 
Figure 2.8 shows the schematics of the various orientations one can position the CNT 
array sample to perform laser pruning. Top pruning (a) is most often used in our 
experiments. It is easy to create 2-dimensional patterns (seen from top view) in the CNT 
array by moving the sample under the focused laser beam. By mounting the sample side-
ways (b), it is simple and convenient method to prune three-dimensional micro-
structures. Bottom pruning (c) was sometimes used to fabricate intricate structures (e.g. 
the Stonehenge model). For bottom pruning, transparent substrates such as quartz has to 
be used. One can also purposely mis-align the optics slightly to skew the focused laser 
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beam resulting in slant pruning of the CNT arrays. The CNT sample is usually placed on 
a computer-controlled motorised X-Y stage with a minimum step size of 0.5 µm to 
facilitate the pruning process. Real time videos of laser pruning of CNTs can be found in 
http://www.physics.nus.edu.sg/~physowch/CNT_Actuator/CNT_Actuator.html. 






Figure 2.9. SEM images of various 2D and 3D micro-structures of CNTs fabricated by 
the laser pruning technique. 
 
Several additional accessories can be incorporated into the focused laser beam 
system to enhance it capabilities. An optical chopper and a continuous neutral density 
filter can be placed in the path of the laser train before it enters the microscope as shown 
in Figure 2.10. The former can be fitted with various discs of different number of slits to 
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modulate the laser beam at the desired frequency ranging from 1 Hz to 40 kHz. This 
enabled rapid and periodic switching from laser-on(off) to laser-off(on) states. When 
operating at high frequencies, due to the small aperture of the slits, the chopper disc 
needs to be placed at the confocal position between two converging lenses (telescopic 
configuration). The neutral density filter allows us to conveniently tune the laser power. 
 
 
Figure 2.10. (a) Schematic of optical chopper and continuous neutral density filter were 
used to modulate the laser beam and tune the laser power. (b) Various chopper blades 
for different chopping frequencies. (c) Photograph of the continuous neutral density 
filter. (d) Photograph of the optical chopper and focusing lenses. 
 
It is of interest to study the laser-CNT interaction in controlled environments. 
For this purpose, a custom-made vacuum cell with a transparent quartz top, designed 
and constructed to allow the CNT sample to be subjected to vacuum conditions while 
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sitting on the microscope stage and irradiated with the focused laser beam. Various gases 
can be flowed into the cell to study actuation in various gaseous environments. Figure 













Figure 2.11. (a) Schematic of the home-built vacuum chamber with a transparent quartz 
top within which sits a CNT sample in vacuum or controlled gaseous environments 
while subjected to the focused laser beam.  (b) Photograph of the vacuum chamber with 
a CNT array sample encased.  
 
2.4  Optical Spectroscopy 
 
An optical spectrometer collects ultraviolet, visible and near infra-red 
electromagnetic waves emitted from light sources for analysis of the spectral 
characteristics. The working principle of a typical spectrometer first involves the 
dispersion of different wavelengths accomplished with a diffraction grating. A focusing 
mirror then reflects light from the grating and focuses first-order spectra on the detector 
which converts the optical signal into a digital signal. Its applications ranged widely from 
analyzing biological samples to measurements of stellar outputs. In our work, we make 
use of an Ocean Optics USB 4000 fiber optics spectrometer to analyse the blackbody 
radiation emitted from laser induced incandescence of CNTs. Due to the wavelength 
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dependent detection efficiency of the spectrometer, calibration of the absolute spectral 
response of the spectrometer used was necessary. This was done with a standard 
calibrated tungsten halogen light source, Ocean Optics LS-1-CAL.4
 
 The measured 
intensity spectrum as obtained from the spectrometer and was compared with the actual 
values of the light source as shown in Figure 2.12. The ratio of the actual and measured 
values gives the wavelength dependent detection efficiency. This detection efficiency 

















Figure 2.12. Measured and actual intensity spectrum of a standard light source. 
 
 
                                                          





Chapter 3  
Laser-Induced Incandescence of 
Carbon Nanotubes 
 
3.1  Introduction 
 
In the process of laser pruning, we typically see a bright flash of light emitted 
from the CNTs at the instant when the focused laser beam strikes the sample surface. 
We attribute this phenomenon to the CNTs dissipating heat via radiation. In order to 
study these flashes of light, we subjected the sample in vacuum as an attempt to reduce 
heat loss due to interactions with molecules in the air, thus enhancing the radiation. The 
results were pleasantly surprising – the flash became an intense glow, which could sustain 
for more than two hours! Furthermore we found that the light emission from the laser-
heated CNTs corresponds to a blackbody radiation at ~2500 K! Such strong 
incandescence phenomenon was denoted sustained laser-induced incandescence (LII) in 
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CNTs, borrowing the term from an established technique of heating carbon soot 
particles with laser to result in blackbody radiation emissions. Our studies on sustained 
LII of CNTs find several desirable features such as instantaneous localized heating, 
extremely high temperature and long sustainability. Coupled with precise positional 
control of the focused laser beam on CNT array, this may leads to a new and exciting 
way of heating and lighting CNTs. Videos of LII in CNTs can be found in [126]. 
 
The terminology “laser-induced incandescence” was derived from the well-
known technique of heating primary particles with laser resulting in blackbody radiation 
emissions. LII of carbon soot was first reported in 1977 by Eckbreth while performing 
Raman scattering diagnostics in flames [127]. His initial studies were motivated by the 
noisy interferences caused by LII, which tend to overwhelm the desired Raman signals.  
Later in 1984, Melton performed numerical calculations to investigate the possibility of 
developing a soot diagnostic based on laser heating of the soot particles. He concluded 
that LII could provide an efficient method to acquire the soot particle temperature, 
primary particle size distributions parameters and relative soot volume fraction [128]. In 
the same year, Dasch modelled the vaporization of small soot particles and conducted 
experiments demonstrating the method [129]. Despite its humble beginnings, today LII 
is an emerging and practical technology for particle concentration and particle size 
measurements in combustion, particle synthesis and environment applications [130,131]. 
Readers interested in LII may refer to the excellent collection of articles in [132]. 
 
While experimental and theoretical works on LII of primary soot particles are 
abundant in the literature, little had been explored on extended carbon structures such as 
carbon nanotubes (CNTs). There had been however isolated incidents of optically 
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induced ignition of CNTs reported [112-114,133-135].  Ajayan et al. [112] were first to 
show that CNTs can be ignited with a photo flash. Detailed studies in later related works 
found that the optical flash induced heating of the CNTs to an ignition temperature of 
more than 475oC in less than 0.03s [135]. Singamaneni et al. [114] discovered “unusual 
ignition” of CNTs while performing micro-Raman spectroscopy on CNTs. As the micro-
Raman setup essentially made use of a focused laser beam to induce optical transitions, 
we think that the “unusual ignition” as observed by the authors were in fact the same 
“flashes of light” we observe during laser pruning, i.e. LII of CNTs.   
 
In this chapter, we present the details in the creation of sustained LII with a 
focused laser beam on aligned CNTs in a vacuum environment. The mechanism to the 
sustained LII in aligned CNT array was proposed. We further extend our efforts in the 
investigation of this phenomenon, by studying the LII characteristics in CNTs subjected 
to different controlled gaseous environments and examining the formation of post-LII 
craters left on the aligned CNTs arrays. Interesting phenomena such as the formation of 
























































Figure 3.1. Experimental setup focused laser beam system with a vacuum chamber to 
achieve LII in CNTs. Inset (a) shows a snapshot of the LII as seen through the optical 
microscope. Inset (b) shows the raw intensity profile of the LII as captured by the optical 
spectrometer. 
 
CNTs used in this work are multi-walled and grown vertically aligned on a silicon 
substrate. Details of the growth process are described in Chapter 2. The same focused 
laser beam system as that used in laser pruning was utilised. With the long working 
distance of the objective lens (8.7 mm), the space between the lens and the sample could 
fit a vacuum chamber with a transparent quartz top. A photograph of the vacuum 
chamber used was shown in Figure 2.11. Sustained LII of CNTs was achieved by 
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subjecting the CNT array to moderate vacuum (~2 × 10-3 mbar or lower) and continuous 
irradiation of the focused laser beam. To study the optical characteristics of the LII 
signals, an optical fiber that is part of an optical spectrometer (Ocean Optics USB 4000) 
system was brought close to the sample as shown in Figure 3.1. The spectrometer 
recorded the LII intensities with a broadband of wavelengths ranging from 345 to 1000 
nm. Details of the calibration of the spectrometer were outlined in Section 2.4. Insets (a) 
and (b) in Figure 3.1 show respectively the optical image and intensity profile of a typical 
LII of CNTs. Various gas cylinders could be connected to the vacuum chamber to 
subject the sample to different gaseous environments. A micrometer screw gauge needle 
valve was used to tune the pressure in the vacuum chamber.  
 
Sustained LII of CNTs was achieved upon the irradiation of the focused laser 
beam with a minimum incident power of 5 mW and a vacuum level of 1 mTorr or lower 
pressure. The emissions were broadband and bright enough to be seen by the unaided 
eyes. The origin of the intense light is attributed to incandescent effect where the sample 
dissipates the light energy it absorbs from the laser beam by radiation. Analysis of the 
optical spectrum shows a close fit to the Planck blackbody radiation equation as we shall 
detail in the next section. 
 
3.3  Blackbody Radiation 
 
LII is a process whereby particles are heated by laser to an extent it radiates 
blackbody emissions in the visible light regime. Here we first show that the nature of the 
light emission from the laser irradiated CNTs is indeed that of a blackbody radiation. The 
typical intensity profile of LII in CNTs, after corrected for the wavelength dependent 
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detection efficiency of the spectrometer is shown in Figure 3.2. The sudden peak of 
intensity from λ = 655 to 670 nm corresponds to the wavelength of the red laser used. 
The graph was fitted with a rescaled blackbody wavelength distribution function with the 










πλ                                                  (3.1) 
 
where I is the intensity of the LII at wavelength λ, T and A are the temperature and 
scaling factor obtained from the numerical fitting respectively. The scaling factor 
accounts for the geometry of the detection setup and the detection efficiency of the 
system. Curve fitting analysis was independently implemented with ORIGIN and 
MATHEMATICA softwares yielding the same results (the results differed by less than 
0.2%). The best fit curve obtained with T = 2450 K falls within the error bars of the 
experiment and has a calculated reduced χ2 value of 1.24. The relatively good fit indicates 
that the observed emissions are indeed that of a hot blackbody radiation. The value of 






Figure 3.2. A typical (corrected) intensity profile of LII in CNTs. A rescaled Planck 
blackbody wavelength distribution function at T = 2450 K provides an excellent fitting 
to the experimental data with a calculated reduced χ2 value of 1.24. 
 
By operating the spectrometer in a continual time acquisition mode, we collected 
in real-time the variation of the intensity profile. Figure 3.3(a) shows a typical time 
evolution of LII intensities at selected wavelengths. The continuous laser beam starts to 
irradiate on the sample at t = 0 s. By rearranging Equation (3.1) and employing the 
approximation of TkhcTkhc BB ee // 1 ≈− which is valid for temperatures less than 5000 K, 
one can express temperature as the subject as shown in Equation (3.2). In this way, the 
temperature of the incandescence at each time step can be conveniently obtained and 
plotted.  
 














Figure 3.3. (a) Time evolution of LII intensity at selected wavelengths. (b) Evolution of 
temperature of the LII as calculated with Equation (3.2) corresponding to the intensity 
data in (a). The focused laser beam irradiates on the sample from t = 0 s. 
 
Figure 3.3(b) shows the evolution of the temperature of the LII corresponding to 
the intensity data in Figure 3.3(a) using (λ1, λ2) = (500nm, 800nm) and calculated via 
Equation (3.2). It is noted that any other pairs of wavelengths (except those in the 
vicinity of the laser wavelength 655—670 nm) are just as adequate in obtaining the 
temperature evolution. We emphasize here that the temperature of the incandescence 
achieved was very high, reaching above 2700 K immediately after laser irradiation and 
maintaining a sustained temperature of about 2380 K subsequently. This is compared 
with recently reported incandescent light emission from CNTs by Joule heating 
[136,137], where the temperature of incandescence ranged from 900 K to 1600 K, 
dependent on the magnitude of the source current.  In our work, the heat is generated by 
a focused laser beam instead. This enables precise control over the position of the 
localized incandescence and suggests that LII of CNTs can serve as a technique to 
perform instantaneous localized high temperature heating in a micro-sized region of the 





3.4 Dependence of LII on Laser Power and Chamber 
Pressure 
 
In this section, the dependence of LII intensity, temperature and lifetime on laser 
power and chamber pressure are presented. Figure 3.4(a) shows corrected intensity 
versus wavelength profiles and their corresponding Planck blackbody distribution fittings 
at various laser powers, taken at the onset of focused laser irradiation on aligned 
MWCNTs in 10-3 mbar vacuum. We see that despite a clear correlation between laser 
power and LII intensity, the temperature of LII remained around 2500 K. This implies 
that while the number of incandescent CNTs increases with laser power, the temperature 
of the incandescent CNTs is not strongly dependent on the laser power. Figure 3.4(b) 
complements 3.4(a) to show the intensity time evolution of the LII. Sharp peak of LII 
intensity immediately after laser irradiation followed by a decline towards a constant 
intensity is typical for higher laser powers. The initial sharp peak is likely to be caused by 
the initial destruction of top portions of the CNTs that are directly under the focused 
laser beam which produces an avalanche of hot graphitic fragments that contributes to 
the LII intensity. When these graphitic fragments are scattered away or coated back onto 
the remaining CNTs and no further destruction of CNTs occur, the LII intensity drops 
to give a sustained glow. At lower laser powers (~6 mW) the process is less dramatic, 
with a gradual heating to the incandescent temperature observed instead. Chamber 





Figure 3.4. (a) Intensity versus wavelength profile of the LII taken an instant after laser 
irradiation for various laser powers. Solid red lines are the corresponding fittings of the 
data with the Planck blackbody radiation equation. (b) Intensity versus time evolution of 
LII at various laser powers. Laser was irradiated on the sample at t = 2 s. Inset in (b) 
shows the temperature-time evolution of the CNTs undergoing LII with laser power of 





Figure 3.5. (a) Intensity versus wavelength profile of the LII taken an instant after laser 
irradiation for various vacuum levels. Solid red lines are the corresponding fittings of the 
data with the Planck blackbody radiation equation. (b) Intensity versus time evolution of 
LII at various vacuum levels. Laser was irradiated on the sample at t = 2 s. Inset in (b) 
shows a long duration spectrum of a sustained LII that was allowed to last for more than 




Figure 3.6. LII craters formed at after 20 s of laser irradiation in (a) 10-3 mbar, (b) 10-2 
mbar and (c) 10-1 mbar vacuum conditions. Massive destruction of CNTs is observed for 
(b) and (c). 
 
Figures 3.5(a) and (b) shows the spatially and temporally resolved LII intensity at 
various chamber pressures respectively. These plots and their corresponding real time 
videos [126] show strong dependence of LII characteristics on the vacuum condition. As 
noted before, fleeting moments of LII was observed during laser pruning of CNTs in 
room pressure conditions. At low vacuum levels of 10-1 and 10-2 mbar, the LII 
phenomenon are much more noticeable (in terms of LII intensity) but still rather short-
lived. We find that a vacuum level of at least 10-3 mbar is essential for sustainability of 
LII. At this chamber pressure, the incandescence may last more than two hours [126] as 
shown in the inset of Figure 3.5(b). At lower vacuum levels of 10-1 and 10-2 mbar, the 
intensity peaks were higher than that at 10-3 mbar. Both greater intensity and shorter 
lifetime of LII at 10-1 and 10-2 mbar (compared to 10-3 mbar) may be explained by the 
extensive destruction of CNTs at these pressure conditions. This is supported by post-
LII SEM images of the laser-struck sites in Figure 3.6. The same laser power of 24 mW 
was used for all experiments in the pressure dependence studies. We suggest that in 
lower vacuum conditions, interactions between laser-heated CNTs and the surrounding 
gas molecules may result in exothermic reactions to further increase the temperature. 
This also results in massive destruction of CNTs that we observe at lower vacuum levels, 
leading to the diminished LII intensities at later times. We speculate that oxygen gas may 
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play a vital role in the chamber pressure-dependence of the LII. Detailed studies of LII in 
controlled environments will be presented in a later section. 
 
3.5  Post-LII Morphology of CNTs 
 
The morphologies of CNTs before and after laser treatment in vacuum (10-3 
mbar) were studied using SEM as shown in Figures 3.7(a-c). The CNT array was raster-
scanned with the focused laser beam in vacuum near the edge of the sample such that 
LII was induced over an extended area of the array. Figures 3.7(a) and (b) show the top 
views of as-grown CNTs and remaining CNTs after the laser raster-scan process in 
vacuum respectively. Figure 3.7(c) shows a cross-sectional view of the CNT sample after 
LII in vacuum. Evidently the top portions of the remaining CNTs became much thicker 
after laser treatment. Further observations with TEM shown in Figures 3.7(d) and (e) 
further suggests that the thickened structure is likely a core/shell formation of CNT 
coated with a thick layer of graphitic material, the latter produced when the focused laser 
destroyed the tips of the CNTs during LII. The thickening of the CNTs suggests that the 
graphitic fragments produced during laser pruning/LII in vacuum have fallen back and 
adhered onto the remaining CNTs. Such phenomenon was not observed when the CNTs 





Figure 3.7. (a-b) SEM images of CNTs before and after LII reveal thickened structure of 
post-LII CNTs. (c) Cross-sectional SEM shows that the thickened structures are only 
restricted to the top sections of the post-LII CNTs. (d-e) TEM images of CNTs before 





We performed a similar set of experiments as the above on another sample to 
confirm the results. Figure 3.8(a) and (b) shows the side-view profile of as-grown and 
post-LII CNTs respectively. Clearly the latter possess a thickened structure. Figure 3.8(c) 
shows a wide-angle view of the region in the CNT array where the LII/raster-scan had 
been performed. Note that the region that was laser-treated was shorter than the as-
grown CNTs. Figure 3.8(d) is a magnified image of selected area (circled) in (c), showing 
tips of laser-treated CNTs that appeared to have fused together after LII. 
 
 
Figure 3.8. Cross-sectional views of (a) as-grown CNTs and (b) post-LII CNTs showing 
the thickened structure of the latter. (c) Region of CNT array that was raster-scanned 
with laser in vacuum, creating LII throughout an area of CNTs in the array. CNTs that 
have undergone LII are shorter due to destruction of CNTs during laser irradiation. (d) 
Magnified image of selected area in (c) showing fusion of CNTs at the tips of remaining 
CNTs after LII. 
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3.6  Mechanism of LII in CNTs 
 
We propose a mechanism for the sustained LII of aligned CNT array. The CNTs 
under irradiation efficiently absorbed light energy from the focused laser beam and were 
instantly heated up. The intense heat generated caused the tips of the CNTs directly 
under the focused laser beam to sublime into fragments of graphitic carbon aggregates or 
amorphous carbons. From the focused laser spot on the sample, heat spread radially 
outwards to surrounding CNTs by conduction in the entangled network of the CNTs 
forest. While the sample continually absorbs laser energy from the laser beam, heat was 
also lost to the environment through conduction to molecules in the air. In vacuum 
condition, the latter was greatly minimized, resulting in the build-up of heat in the mesh 
of CNTs and amorphous carbons, which in turn raised the temperature to a point where 
incandescence took place. As suggested by Rinzler et al. [77], heated Cn chains extending 
off the open tips of CNTs are primary sources of incandescent glow. It is reasonable to 
expect that the defective CNTs and graphitic fragments rich with dangling bonds 
produced by laser pruning in vacuum contain many of such Cn chains. Together with 
laser induced heating, an extended and bright incandescence emitter was thus obtained. 
 
Our calculated temperature of ~2500 K is similar to the estimated sublimation 
temperature of CNTs [138]. Our laser treatment however does not completely break the 
bonds to give gaseous carbon (small atom clusters of C, C2 and C3) as such a process will 
require a temperature of ~4000 K [139]. Rather, we believe that the CNTs disintegrate 
into fragments of small graphite sheets or amorphous carbon aggregates. At high laser 
intensity an avalanche of amorphous carbons and open CNTs are produced. These hot 
amorphous carbons and open CNTs may dissipate heat via conduction, convection and 
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radiation, with radiation being the dominant mechanism in vacuum, resulting in the 
observed sustained LII. 
 
3.7  Post-LII Craters 
 
A striking feature of LII in aligned CNTs is the formation of a crater with 
concentric-rings pattern in the CNT array. Figure 3.9 shows a sequence of events: (a) the 
very bright LII just after the onset of laser, (b) the sustained glow of LII after ~20s of 
continuous laser irradiation and (c) the crater formed after the laser beam was removed. 
The appearance of the post-LII crater was not anticipated despite our prior experience in 
laser pruning of aligned CNT arrays. The action of the focused laser beam on aligned 
CNT in room ambient conditions results in a conical hole burnt into the CNT array. This 
was the basis of the laser pruning technique and we expected a similar outcome even 
with the sample in vacuum. Yet in addition to the hole where the focused laser had 
directly burnt, a faint inner ring and a clear-cut outer ring both concentric to the central 




Figure 3.9. (a) Very bright LII just after the onset of laser. (b) Sustain glow of LII after 
~20s of continuous laser irradiation. (c) SEM image of a crater formed during LII. 
                                                          
5 It had been suggested that the concentric rings could possibly be formed by a off-focused laser 
beam. This is however easily overturned as the CNTs are always first brought into the focal point 
of the objective lens by direct observation of the optical image before the LII process began.  
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For a cross-sectional view of the crater, we performed (in vacuum) LII in an 
aligned CNT array at a spot near the edge of the sample. The sample was then taken out 
of the vacuum chamber and laser pruning was performed in room ambient condition to 
burn away one half of the crater as shown in Figure 3.10(a). Cross-sectional view of the 
crater presented in Figure 3.10(b) shows that the outer ring boundary as seen from top-
view, was due to deep surface cracks in the array. Figure 3.10(c) and (d) shows the 
magnified images of portions of the outer ring to the left and right sides of the central 
hole respectively. We estimate the width of the cracks to be ~1-2 µm in width. Details of 
the faint inner ring are unfortunately not as clear. 
 
 
Figure 3.10. SEM images showing (a) top-view of an LII crater laser pruned to reveal its 
cross-section, (b) cross-sectional view of the crater, (c) and (d) magnified images of 





Figure 3.11. Raman spectroscopy at various radial positions across the LII crater. 
Decreasing trend in the ratio of ID versus IG is observed as the laser beam scans towards 
the center of the crater. 
 
Raman spectroscopy at different radial positions across the crater was carried out. 
Major peaks at 1343 cm-1 and 1575 cm-1 correspond to the D (defective) and G 
(graphitic) bands respectively. The ratio of the intensities at the two bands is often used 
as a measure of quality for CNT samples. As shown in the results displayed in Figure 
3.11, ID/IG within the crater is lower than that outside, indicating that the post-LII CNTs 
have less structural defects than as grown. We propose that the high temperature 
generated during LII helped to burn away amorphous carbons on as-grown CNTs, 
leaving behind a more crystalline network. This is similar to the method of purifying 
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CNTs by heat treatment [140]. We also find a consistent trend of lower ID/IG nearer to 
the center of the crater. This follows from the account where heat generated through LII 
burns away amorphous carbons on the CNTs. Since the heat near the center will be more 
intense, more amorphous carbons will be burnt and thus leads to lower ID/IG. 
 
 
Figure 3.12. A dynamic study on the formation of the post-LII craters with SEM images 
of craters formed by different durations of LII. 
 
A dynamic study of the ring-pattern crater formation was carried out by 
performing LII of various durations at different spots on the same sample and studying 
their corresponding craters by SEM. Figure 3.12 shows that the ring pattern was not 
formed immediately upon laser irradiation, rather the first signs of formation of the outer 
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ring shows after ~8s. The outer ring boundary then slowly widens, working inwards such 
that the outer diameter of the crater remains constant with time.  
 
 
Figure 3.13. SEM images of craters formed by different laser powers. 
 
The size of the crater varies with laser power – the higher the laser power, the 
larger the diameter of the crater. Such a trend is clearly displayed in Figure 3.13. In the 
earlier section on laser power dependence, we showed that laser power correlates with 
the intensity of LII, but yet the temperature of LII showed little variation with laser 
power. We concluded that higher laser powers do not significantly raise the 
incandescence temperature, but act to increase the number of incandescent CNTs. Our 
microscopy observations in Figure 3.13 further support the claim that a higher laser 
power heats a larger area of CNTs to the incandescent temperature. The CNTs that 
perform LII effectively radiate the energy pumped in from the laser beam such that the 
temperature is kept at ~2400K and not increasing any further. 
 
Based on the above investigations we propose a mechanism for the formation of 
LII craters. CNTs under focused laser beam efficiently absorbed light energy and were 
instantly heated up. From the focused laser spot on the sample, heat spread radially out 
to surrounding CNTs by conduction in the entangled network of CNT forest which 
raised the temperature to a point where incandescence took place. Just as heat was gained 
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from neighbouring CNTs nearer to the laser spot, heat was lost to neighbouring CNTs 
further from the laser spot. The rate of net heat gain decreases with increasing radial 
distance from the laser spot. LII therefore occurs within an area of CNTs around the 
laser, beyond which the CNTs fail to reach the incandescent temperature. Due to the 
intense heat generated, CNTs performing LII may undergo other physical and chemical 
processes. Evidence from Raman spectroscopy suggests that the amorphous carbons 
were removed from the incandescent CNTs. CNTs with less amorphous carbon content 
is likely to have stronger van der Waals forces of attraction with each other. This could 
have allowed these CNTs to be more tightly packed resulting in contraction of the CNT 
array. As more amorphous carbons were removed nearer to the laser spot, the array of 
incandescent CNTs contract inwards, inducing surface cracks which eventually results in 
the formation of the outer ring boundary. Once the outer ring boundary is formed, heat 
loss to CNTs outside the crater is reduced. The incandescence then gradually burns the 
CNTs within the crater resulting in the slow widening of the outer boundary.  
 
3.8.  Detailed Investigation in Dependence of LII on 
Chamber Pressure 
 
A detailed pressure variation study was carried out to study the dependence of 
LII on chamber pressure to fill the intermediary pressures in Figure 3.5(a-b). LII 
experiments were conducted over a range of chamber pressures ranging from 1.39 to 120 
mTorr with a fixed laser power of 24 mW. The vacuum chamber with a CNT sample in 
ambient air was first pumped down to the maximum vacuum level and a micrometer 
screw gauge needle valve was used to vary the chamber pressure for each experiment. 
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Each run was carried out on a different location within the same sample of aligned 
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Figure 3.14. LII intensity at various operating pressures. Inset (a) shows two general 
trends – one with stable intensity and one with a sharp peak followed by an even sharper 
drop in intensity. Inset (b) shows that in higher vacuum, LII intensity increases with 
increasing pressure. Inset (c) shows that the time for thermal runaway to occur is shorter 
for higher pressures. 
 
In the main graph of Figure 3.14, two general trends of LII profile were 
observed, one with a sudden peak, and one that was sustained and showed little 
variations in intensity. These two trends are seen in inset (a) of Figure 3.14. In general, 
the former occurred at higher chamber pressures (lower vacuum) while the latter 
occurred at lower pressures (higher vacuum). LII of CNTs at 2.58 mTorr pressure and 
lower were found to be highly sustained. We suggests that at low pressures, fewer gas 
molecules interacts with the CNTs and the laser-heated CNTs are allowed to maintain 
the high temperature incandescence process without being exhausted in possible 
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chemical reactions with gaseous molecules in the environment. In addition, it was 
observed that at low pressures in particular, the average intensities of LII of CNTs 
increases with increasing pressure. A clearer picture of this trend can be seen in inset (b) 
of Figure 3.14. Such a trend is attributed to the varying amount of gas molecules in the 
chamber at different pressure conditions. Interactions with gaseous molecules are 
believed to generate exothermic reactions, resulting in a greater extent of CNTs heated to 
the incandescent temperature. Conversely, the lower the chamber pressure, the fewer the 
number of gas molecules in the air, the slower the rate of exothermic reactions with 
CNTs, thus the lower the intensities of LII by blackbody emission. 
 
However, LII at low vacuum levels (above 3.05 mTorr) gave rise to a very 
different yet interesting LII profile. These spectrums each have a sharp and sudden peak, 
which subsequently drops down to zero in a short while. This is in fact a thermal 
runaway where an exothermic reaction reaching a very high temperature perpetually 
increases the rate of subsequent reaction, causing this chain reaction to go out of control, 
eventually resulting in a small explosion (see video of thermal runaway during LII in 
[126]). As a result, when all the CNTs are destroyed rapidly, incandescence signals drop 
to zero very quickly. This is believed to be due to the presence of more gas molecules at 
higher pressure. Since the exothermic reaction can occur at a very fast rate, more energy 
is generated for more intense burning to take place, sparking off the chain reaction that 
results in the small explosion depicted in the graph by a sudden peak in incandescence 
signal that subsequently drops to zero. At higher pressures beyond 120 mTorr, a thermal 
runaway can even be reached as soon as the laser irradiation starts and LII signals can 




It is also interesting to note that at high pressures, the sustainability of LII of 
CNTs, which in this context means the time taken by the CNTs to reach a thermal 
runaway decreases with increasing pressure i.e. lower vacuum. This is again attributed to 
the varying amount of gas molecules at different pressures. The higher the chamber 
pressure, the more gas molecules in the environment, and the faster the rate of 
exothermic reactions with CNTs, thus the shorter time it takes for a thermal runaway to 
occur. This inverse relationship between the sustainability of LII of CNTs and the 
pressure conditions can be summarized as in inset(c) of Figure 3.14. 
 
The case of massive destruction of CNTs due to thermal runaway during LII is 
confirmed with post-LII SEM images of the craters formed at various pressures, as 
shown in Figure 3.6. Clearly almost all the CNTs within the craters formed in 10-2 and  
10-1 mbar were destroyed.  
 
3.9.  Dependence of LII on Gaseous Environment 
 
For a sustainable LII in CNTs array, it is important that thermal runaway do not 
occur. In view of this, we subject the CNTs in the vacuum cell to various gaseous 
environments, namely argon, carbon dioxide, nitrogen and oxygen. The desired gas was 
flushed into the vacuum chamber for at least half an hour before each set of LII 
experiment in controlled environment was carried out. Figure 3.15 shows the evolution 
of LII at various pressures in different gaseous environments. Corresponding SEM 






Figure 3.15. LII in various gaseous environments. Laser was irradiated on the samples 
after t = 2s. Thermal runaway do not occur in argon, carbon dioxide and nitrogen gas 
environments even at low vacuum condition of 1.5 Torr. The display of thermal runaway 






Figure 3.16. Craters formed during LII in various gaseous environments. Massive 
destruction of CNTs in oxygen shows that thermal runaway had occurred. In contrast, 
most of the CNTs in argon, carbon dioxide and nitrogen gas survived to give sustained 
LII. 
 
A glance at the results in Figures 3.15 and 3.16 immediately point to oxygen as 
the gas responsible for the runaway reactions. CNTs in oxygen environment clearly 
exhibit thermal runaway during LII as apparent from the spike of intense LII and the 
rapid decay that follows. This is in contrast to the well sustained LII in argon, carbon 
dioxide and nitrogen environments. Comparing Figure 3.15 with the results in Figure 
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3.14, we further note that thermal runaway in oxygen can occur at pressures as low as 
1.52 mTorr while the phenomenon only occurred at pressures greater than 3.05 mTorr in 
normal air-composition vacuum. We also observe massive destruction of CNTs in the 
craters formed in oxygen environment in Figure 3.16, clearly an aftermath of thermal 
runaway. Long sustainability of LII in argon and nitrogen gas environments is attributed 
to the inert nature of these gases. We also observe a trend of decreasing LII intensity 
with higher pressure. This is explained by the more efficient heat loss by conduction to 
the gaseous neighbourhood at higher pressure conditions, resulting in a lesser extent of 
CNTs heated to incandescence. The decreasing size of post-LII craters with higher 
pressure as shown in Figure 3.16 shows that less CNTs were heated to incandescence at 
higher pressure and thus supports the above explanation. The trends of LII in carbon 
dioxide gas differ from other gaseous environments. We believe that while carbon 
dioxide does not react with CNTs as readily as oxygen, it is not as inert as argon and 
nitrogen. The high temperature generated during LII may induce slow chemical reactions 
between carbon dioxide molecules.  
 
3.10.  CONCLUSION 
 
The phenomenon of sustained LII in aligned CNTs was observed when a 
focused laser beam irradiates on aligned CNTs in vacuum. With a calibrated optical 
spectrometer we showed that the nature of the LII emissions is that of a hot blackbody 
radiation with intensity and lifetime strongly dependent on the laser power and chamber 
pressure. We report the observation of LII craters with concentric ring-patterns in the 
aligned array of CNTs. Examination with SEM, Raman spectroscopy and a dynamic 
study on the formation of the craters were carried out. A mechanism involving the 
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burning of amorphous carbons during the high temperature process of LII and a 
contracting array of CNTs towards the center laser spot was proposed. Dependence of 
crater size on duration of LII, and laser power was explained. A detailed pressure 
dependence study revealed thermal runaway events for LII in pressures greater than 3 
mTorr. While interesting in itself, thermal runaway posed a threat to a sustained LII due 
to the massive destruction of CNTs. Through experiments of LII in various controlled 
environments, we found oxygen as the gas responsible for the thermal runaway. The 
study of LII in CNTs array allows one to better understand the focused laser-CNT 
interaction. LII of CNTs may pave the way for more future applications of CNTs. The 
incandescence with a stable temperature of ~2400 K can be used as a localised high 
temperature stable heat source. The use of laser to generate an almost instantaneous 
heating enables remote ignition to trigger reactions in CNT arrays. The broadband light 
emissions may be useful for a wide range of optically induced endothermic reactions in 
“nanotestubes”. Finally, LII can possibly be used as a technique to coat CNTs with 





Chapter 4  
Opto-Mechanical Actuation of 
Vertically Aligned CNT Micro-
Structures 
 
4.1  Introduction 
 
One of the exciting properties of carbon nanotubes is its versatility in converting 
different forms of energy into mechanical energy. Without further modification to the 
setup of the focused laser beam system for laser pruning of CNTs as shown in the 
Chapter 2, we demonstrate a surprising phenomenon caused by the interaction between 
the focused laser beam and vertically aligned arrays of CNTs – laser induced actuation of 
CNT micro-structures. In a nutshell, micro-structure(s) of vertically aligned CNT array 
can be made to deflect or actuate when a focused laser beam was irradiated near the CNT 
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micro-structure(s). The CNT micro-structure which is rooted onto the substrate but 
isolated from the bulk of the CNT forest will then spring back to its original position 
upon the removal of the laser irradiation.   
 
Figure 4.1. Optical micrographs and side-view schematics (insets) of a CNT micro-
structure in its (a) laser-OFF and (b) laser-ON states. The CNT micro-structure clearly 
adopted a deflected position in the latter. Position of laser spot is indicated by the white 
dot in (b).  
 
Figure 4.1 illustrates the phenomenon with optical micrographs of a rectangular 
block of CNT array in (a) its equilibrium position (laser-off) and (b) its actuated pose 
under the influence of the focused laser beam. Position of the laser beam is indicated by 
the white dot in (b). The insets in Figure 4.1 show side-view schematics of the CNT array 
micro-structure and its laser induced actuation. Such actuation can be induced by lasers 
of various wavelengths, with the sample in ambient, vacuum and various gaseous 
environments. Several factors affect the magnitude of actuation, namely laser power and 
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intensity, the size and geometry of the CNT micro-structures, and the presence and 
proximity of neighbouring CNTs. Examination of the above factors helps to uncover the 
underlying mechanism of the laser induced actuation. It was found that the presence of 
neighbouring CNT array to the actuating CNT micro-structure at the opposite side of 
the laser beam is vital for the phenomenon to occur. The mechanism of the laser induced 
actuation is believed to be that of an electrostatic interaction between the CNT micro-
structure and its neighbouring CNTs, caused by the local disturbance of the charge 
neutrality of the CNT array in the neighbourhood of the focused laser beam.  
 
This chapter details the methodology to achieve laser induced actuation of the 
CNT micro-structures, present a systematic study of various factors affecting the 
magnitude of actuation, probe, discuss and propose the underlying mechanism of the 
phenomenon. We feel that real time video clips of the actuators in action will help to 
better illustrate our work. A webpage 
http://www.physics.nus.edu.sg/~physowch/CNT_Actuator/CNT_Actuator.html [141] 
is hence created, where the videos of many experiments described in this chapter may be 
found. Although efforts have been made fully to represent our work comprehensively 
with the figures and text below, we strongly encourage the reader to refer to these videos 
to supplement the reading.  
 
4.2  Actuating CNTs in the Literature 
 
Electro-mechanical actuation had been successfully demonstrated on individual 
CNTs [142,143], CNT sheets [144-146] and CNT/polymer composites [147-149]. These 
reports highlighted the potential applications of CNTs in micro-electromechanical 
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systems (MEMS) [150], nano electromechanical systems (NEMS) [151,152] and artificial 
muscles [153]. Actuation of single-walled and multi-walled CNTs sheets in electrolytes 
relied on a capacitive and electrostatic interaction mechanism whereby an electrical 
double layer of charges formed at the CNT electrode/electrolyte interface was 
accompanied by an increase in C-C bond length, thus resulting in macroscopic actuation. 
Electromechanical actuation of single CNTs in NEMS [151,152] also relied on the 
capacitive force between the nanotubes and the gate electrodes where the Coulomb 
forces associated with the device operation was comparable with the chemical binding 
forces of the actuating component.   
 
Mechanical response of single-walled CNTs bundles to optical stimulus was first 
reported in 1999 by Zhang and Iijima [154], incidentally in the same year as the first 
reported electrochemical actuation of CNTs [144]. Single-walled CNTs were fabricated 
by laser ablation to span across two electrodes, forming a web-like network of 
interconnected CNT bundles. Movements of the CNT bundles such as stretching, 
bending and repulsion were observed upon visible light illumination by a halogen light 
source or a He-Ne laser. The phenomenon was more obvious for dangling bundles with 
one end attached to an electrode and the other end free. The authors also observed that a 
thinner and shorter bundle usually moved in a fixed direction independent of the 
direction of the light illumination while a thicker and longer filament moved in the same 
direction as the incoming light. Similar behaviour of the nanotubes was observed when 
an electric field was applied. The mechanism of the phenomenon was attributed to 
electrostatic interaction of the CNT bundles as a result of photovoltaic or light-induced 




Although photo-mechanical and electro-mechanical actuation of CNTs were 
both discovered in the same year, little work on the former followed after its discovery, 
perhaps overshadowed by the success of the latter. This took a turn with the 
development of CNT- polymer composites [71-72]. Koerner et al. [155] first 
demonstrated elastic deformation of CNT-Morthane composite upon infra-red 
irradiation. Upon the removal of the light source, the deformed composite returned to its 
original shape. Such behaviour was not observed for the pristine polymer. Comparable 
effects were observed when an electrical current was passed through the material. A 
thermal-driven process was used to explain the phenomenon. The authors suggested that 
heating of CNTs by the infra-red irradiation resulted in an increase of internal energy of 
the composite, melting the polymer crystallites which acted as physical crosslinks thus 
triggering the release of the stored mechanical energy in the material. Lu and 
Panchapakesan [156] showed optical response of a bi-layer actuator formed by single-
walled CNT sheet mechanically bonded to acrylic elastomer. Ahir and Terentjev 
[157,158] embedded multi-walled CNTs in a polydimethylsiloxame (PDMS) matrix and 
showed that while the pristine elastomer showed no response to near infra-red radiation, 
the presence of CNTs in the matrix resulted in mechanical actuation under radiation. The 
authors also demonstrated the effect on alignment (achieved by pre-straining the 
CNT/polymer sheets) on the direction and magnitude of actuation and detailed the 
response and relaxation dynamics of the CNT-PDMS composite. Lu and Panchapakesan 
subsequently reported on micro-scale opto-mechanical actuators of CNT-SU8 films 
[159].   
 
The above works on CNT opto-mechanical actuators indicate the potential of 
developing future CNT-based shape-memory devices and micro-opto-mechanical 
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systems (MOMS) and warrant further experimental and theoretical investigations. Due to 
the remarkable electronic and mechanical properties of CNTs, CNT-based micro-devices 
with actuating structures are likely to be useful in a multitude of applications. In this 
Chapter, we describe a system of CNT micro-actuators that is markedly different from 
the actuators described above. Firstly instead of films or sheets of randomly entangled 
CNT networks, ordered arrays of vertically aligned CNTs were used in our work, hence a 
distinctly different morphology of the actuating structures. Pure and as grown CNTs 
were used instead of CNT-polymer composites. The use of focused laser beam to 
fabricate and operate the micro-actuators allows precise control on the position and 
architecture of the actuators. Fabrication of actuating microstructures directly on Si 
wafers suggests straightforward incorporation of actuators into micro-chip devices. The 
ease in tuning the magnitude and direction of the actuation are among some desirable 
features of our CNT actuators. We also show for the first time optically activated 
mechanical resonance of CNTs actuators.  
 
4.3 Experimental Setup 
 
The focused laser beam(s) system was utilised to construct and perform actuation 
of CNT micro-structures. Figure 4.2 shows the schematic of the system, which is an 
improved version of the original shown in Chapter 2. The inclusion of the second laser 
beam demonstrates possibilities of independent control over several actuators. The laser 
beams were directed into the microscope via mirrors (labelled M1-M4) as shown. Care 
had been taken such that the mirror M4 did not block the path of the other laser beam. 
Study of the response of the actuation was facilitated by the use of the optical chopper 
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and a high speed camera (Photron FASTCAM 1024 PCI)6
 
. The conventional CCD 
camera and video recording software was still used generally to record the actuation 
process. We demonstrated that CNT microstructures continue to exhibit laser induced 
actuation in moderate vacuum (10-3—10-4 Torr), nitrogen, carbon dioxide, argon and 
oxygen environments [141]. Interestingly the phenomenon of laser induced 
incandescence of CNTs was observed along with the induced actuation. 
B: Beam Splitter 
L: Lens,











Figure 4.2. Schematic of an improved version of the focused laser beam(s) system used 
for the study of laser induced actuation of CNT micro-structures. Insets (a) Laser 
pruning to fabricate CNT micro-actuators; (b) SEM micrograph of a three dimensional 
“NANO” structure created by laser pruning; (c) Side-view schematic of the actuation 
process. 
                                                          
6 We acknowledge Prof. Lim Chwee Teck and Mr Tan Swee Jin for the assistance rendered for 




4.4  Response of CNT Micro-Actuators 
 
The response of the CNT micro-actuators to the focused laser beam was studied 
by analyzing the snapshot images of the videos of the actuation process. Using a 
conventional CCD camera operating at 30 frames per seconds (fps), the actuator was 
found to reach the maximum displacement within a single frame, indicating that the 
response of the actuator to the focused laser beam is much faster than a tenth of a 
second. A high speed camera was thus needed to capture the actuator-in-motion. The 
Photron FASTCAM 1024 PCI and corresponding video analyzing software PFV ver. 
3.19 were employed for this purpose.  
 
A rectangular CNT micro-structure was constructed and made to actuate at 50 
Hz by modulating the focused laser beam with the optical chopper. The high speed 
camera recorded the motion of the actuator at 2000 fps. A section of the video can be 
viewed in [141]. Figure 4.3(a) and (b) below shows the snapshots of the actuator in laser-
off and laser-on states respectively. By carefully analyzing the image of each frame in the 
actuation video, we plot of the motion of the actuator as shown in Figure 4.3(c). The 
actuator typically reached the maximum displacement of 4.5 ± 0.5 µm in the span of 
three frame shots, corresponding to 1.5 ms. We compare our result with other opto-
mechanical CNT actuators in the literature in Table 4.1. The most notable difference is 





Figure 4.3. (a,b) Snapshots of a CNT micro-structure in laser-off and laser-on states 
taken with a high-speed camera Photron FASTCAM 1024 PCI. Laser power used was 24 
mW. An actuated position with a displacement magnitude of 4.5 ± 0.5 µm was recorded. 
(c) Plot of the motion of the CNT actuator moving at 50 Hz frequency. The quick 
response of 1.5 ms to reach maximum displacement suggests that the mechanism of 
























Length 40 µm 
Width 10 µm 
Height 40 µm 
 








Length ~5 mm 
 
1.3 mm < 100 ms 
CNT-Morthane 
composite sheets [155] 
 
Length 20 mm 
Width 4 mm 
Thickness 0.4 mm 
 
10 mm ~5 s 
CNT sheets bonded to 
acrylic elastomer [156] 
 
Length 30 mm 
Width 2 mm 
Thickness 30 µm 
 




Length 30 mm 
Width 1.5 mm 
Thickness 0.2 mm 
 
1.2 mm ~ 5 s 
CNT-SU8 film [159] 
 
Length 300 µm 
Width 30 µm 
Height 7 µm 
 
23 µm 0.05 s 
 
Table 4.1.  A comparison between our CNT actuators and other opto-mechanical CNT 








4.5  Dependence of Magnitude of Actuation on Various 
Parameters 
 
We investigate the various parameters that affect the magnitude of actuation 
namely laser power, the dimensions of the actuating micro-structures, the distance 
between the actuators and their neighbouring CNT arrays and the position of focused 
laser beam. Typically a rectangular block of actuator similar to the one shown in Figure 
4.1 was fabricated by laser pruning to isolate it from the rest of the CNT array. Actuation 
magnitude refers to the horizontal displacement of the tip of the micro-structure as seen 
from top view through the optical microscope. This study allows us to determine the 
optimal operating conditions of these actuators and hope to throw some light towards 
the understanding of the mechanism of the laser induced actuation.  
 
As one might expect, the magnitude of actuation strongly correlates with laser 
power. Figure 4.4 shows an almost linear relationship at lower laser power (< 20 mW) 
while the gradient tapers slightly at higher laser powers (>20 mW). The drop in gradient 
represents a reduction in efficiency of optical to mechanical strain energy conversion at 
high laser powers, which may be due to greater loss in energy through heat dissipation 
and optical scattering and reflection. We infer that the mechanical elasticity of the CNT 
micro-structure is highly non-linear, i.e. it is easy to actuate initially but once it is in 




The CNT micro-structures are also made to actuate with lasers of other 
wavelengths, including 1064, 632, 532 and 404 nm. While the actuation magnitude differs 
slightly with each laser used, no conclusive statements are drawn due to various 
limitations of the experimental setup. Results of the experiments can be found in the 
Appendix. 
 
Figure 4.4.  Actuation Magnitude increases with greater laser power. 
 
Geometry of the micro-structure also plays an important role in the magnitude of 
actuation. This can be easily understood by the geometry-dependent effective Young’s 
modulus of the CNT micro-structure. In general, the wider and longer (as seen from top 
view) the actuator block is, the greater the Young’s modulus, and the smaller the 





Figure 4.5.  Actuation magnitude decreases with the width and length of the actuator.  
 
 
Figure 4.6. Effect on trench width on actuation magnitude. The closer the  neighbouring 
CNT array is to the actuator, the larger the magnitude of actuation. 
 
To perform actuation of CNT micro-structures, we typically shine the laser beam 
into the trench between the actuator block and the neighbouring CNT array at opposite 
sides of the laser beam, as shown in the schematic in Figure 4.6. Curiously, the presence 
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of latter (i.e. the neighbouring/opposite CNT array) seems to play an important role in 
the photomechanical response. To show this, we perform a set of experiment where we 
vary the trench width, increasing the distance between the actuator and its neighbouring 
CNTs by means of laser pruning. For consistency, the focused beam was positioned just 
next to the actuator in each experiment. As the neighbouring CNTs were pruned away 
from the CNT micro-structure, the latter deflects less, as shown in Figure 4.6 (a). This 
suggests that the neighbouring CNTs play a role in the actuation process and the 
proximity of the neighbouring CNTs to the micro-structure favours the actuation.  
 
We further explore the relation between the actuator and its neighbouring CNTs 
with a follow-up experiment as shown in Figure 4.7, where a wide trench was created and 
the laser position was varied by moving the laser spot across the trench. Figure 4.7 (a) 
displays a general increase of the actuation magnitude as the laser moves away from the 
actuator. Actuation magnitude was maximal when the laser was midway between the 
actuator and the neighbouring CNTs. Interestingly, when the laser beam was focused 
very near to the actuator, the actuator moves towards the laser spot rather than deflect 
away from it. This deviant behaviour of the actuator is captured by on video and can be 




Figure 4.7.  Effect on laser position on magnitude and direction actuation. Schematic on 
the right shows the geometry of the experiment. 
 
 
4.6  Mechanism of Laser Induced Actuation 
 
Several mechanisms may be proposed to account for the observed laser-induced 
actuation, namely (i) thermal expansion of air near the actuator, (ii) uneven thermal 
expansion of the CNT micro-structure, (iii) radiation pressure and (iv) light-induced 
electrostatic interaction. By the process of elimination, we narrow the list of potential 
mechanisms to identify light-induced electrostatic interaction as the principal factor of 
the observed phenomenon. Further experiments were conducted to provide supporting 




Firstly we noted that the response of the actuators to the focused laser beam was 
very rapid. Mechanisms that involved thermal expansion are thus doubted. We estimate 
the temperature of the actuator to be <600oC at the hottest side (nearest to the laser 
beam). With the simple equation for linear expansion TLL ∆=∆ α , we (over-)estimate 
the magnitude of linear expansion to be 0.24 µm (using 40=L µm, 510−=α K-1, 
600=T K), which is an order less than the magnitude of actuation observed in our 
experiments. By performing the experiment with the sample placed in a vacuum chamber 
with a transparent quartz top, we demonstrated that the micro-structure continues to 
actuate in 10-4 mbar vacuum condition [141], further disclaiming the role of expanding air 
volume near the actuator. Figure 4.8(a) and (b) show the CNT actuator in its laser-OFF 





Figure 4.8. An actuating CNT micro-structure in its (a) laser-on and (b) laser off states at 
10-4 Torr vacuum. Thermal expansion of air near the actuator is unlikely. The bright spot 
in (b) is due to laser-induced incandescence of CNTs. Scale bar represents 10 microns. 
 
                                                          
7 The bright spot in (b) is caused by laser-induced incandescence of the neighboring CNTs to the 
actuator and is also indicative of the position of the focused laser beam. 
79 
 
Perhaps the most important lesson we learnt in our investigation of the 
mechanism was the observation that the laser-induced actuation was not merely the 
result of the interplay between the laser beam and the actuator block. The actuation 
required a critical third party – the neighbouring CNT array at the opposite side of the 
laser beam. To demonstrate this, we create an rectangular actuator at the edge of the 
array sample and position the focused laser beam next to the (longer) sides of the block 
outside and inside the sample as shown in the schematics in Figures 4.9(a) and (b) 
respectively. We observe that no actuation was induced when the focused laser beam was 
irradiated near the outer length of the actuator while the actuator deflects when the laser 
shines beside the inner length. Optical micrographs in Figures 4.9 show a series of 
snapshots of the actuator (c) without laser irradiation, (d) with laser focused beside the 
outer length and (e) with laser focused next to the inner length of the actuator. While no 
actuation was observed in (d), the micro-structure clearly adopted an actuated position in 
(e). In essence, we only observe actuation when the laser was focused at a spot in 
between the actuator and some neighbouring CNT array. This observation prompts us to 
eliminate radiation pressure as the primary cause of the actuation.  
 
We propose that the intense radiation from the focused laser beam had disturbed 
the charge uniformity in the local region around the laser spot, such that the actuator and 
the neighbouring CNTs at the opposite side of the laser are similarly charged. In other 
words the sample was locally polarised around the focused laser spot and an electric field 
perpendicular to the alignment direction of the CNTs was set up. The actuator thus 
deflects upon laser irradiation due to electrostatic repulsion from the opposite array of 






Figure 4.9. Schematics and optical micrographs of an experiment that illustrates the 
importance of neighbouring CNTs on the laser induced actuation of CNT micro-
structure. The focused laser beam (indicated by white dot on optical images) must 
irradiate at a position in between the actuator block and neighbouring CNTs to induce 
motion in the actuator.  
 
4.7  Charge-Induced Actuation  
 
To validate the electrostatic mechanism, we demonstrate that similar actuation 
can be induced by charging the whole sample uniformly [141].8
                                                          
8 The author acknowledges Prof Lim Hock for useful discussions and advice that led to the 
development of this part of the work. 
 A CNT sample was 
electrically connected to an arm of a Wimhurst machine by means of silver paste, copper 
wires and crocodile clips as shown in Figure 4.10. The CNT sample was then placed 
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under the microscope lens of the focused laser beam system. Charging of the sample was 
achieved by rotating the Wimhurst wheel manually. A micro-structure was created in the 
CNT sample and made to actuate with the focused laser beam and by charging the 






Figure 4.10. A CNT sample was electrically connected to an arm of the Wimhurst 
machine. Charging of the sample was achieved by manual rotation the Wimhurst wheel.  
 
 
Figure 4.11. (a) Optical micrograph of a CNT micro-structure actuated by charging with 
a Wimhurst machine. (b) The micro-structure in its neutral (non-actuated) position. (c) 




Figure 4.11(a) shows the actuated position of a Wimhurst-charged CNT micro-
structure. A comparison with the neutral (non-actuated) and the laser-actuated positions 
of the same CNT micro-structure shown in Figures 4.11(b) and (c) respectively suggests 
that the actuations induced by the Wimhurst machine and laser source are similar.  
 
To theoretically determine the force of the charged-induced actuation, we 
approximated the charged actuator with a symmetric two–dimensional model as shown 
in Figure 4.12. While rotating the Wimhurst wheel, we measured the potential difference 
between one of the charged rods of the Wimhurst machine with ground to be ~100 V. 
The actuators were hence assumed to be uniformly charged to 100 V with respect to 
ground. The method of relaxation was then employed to solve the boundary-value 
problem. Details of the computation setup and calculations are described below. 
 
 
Figure 4.12. Computation setup to numerically solve the Laplace equation around the 
CNT actuators (black rectangles).  
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Consider a two-dimensional plane, slicing it up with a Cartesian grid and define a 
potential iiφ  at each intersection. For small lattice spacing Δ one can write the 
differentials around a particular point 0φ  as 
 
( ) ( )
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The action for the Laplace equation 































φ    (4.2) 
can thus be expressed by the following components: 
 
( ) ( )
( ) ( )
( ) ( )





































































              (4.4) 
 
we obtain the “optimal” potential  
 
( )WESN φφφφφ +++= 41optimal    (4.5) 
 
which simply turns out to be the “average” of the surrounding lattice potentials – a 
remarkably elegant result indeed!  
 
To implement the numerical scheme, one creates a matrix to represent the 
Cartesian lattice, fix the boundary values and assign some initial potential values (may be 
simply zero) for each lattice point outside the actuators. By iterating the potential  
 
( ))1()1()1()1(41 +−−+ +++= iiiiiiiiii φφφφφ   (4.6) 
 
at each point in space outside the actuators and, assuming the potential at the boundaries 
fixed as shown in Figure 4.12, one solves the Laplace equation 02 =∇ φ  for the model. 
The actuators are assumed to be conductors with an equipotential surface of =0φ 100 V, 
taking on the measured potential of the charged Wimhurst rod connected to the CNT 
sample. The electric field, charge density and force at each point of the actuator 








φφEE                (4.7) 
 
,0 Eεσ =                  (4.8) 
 
( )202 φφεσ −=∆= iiii EF     (4.9) 
 
where 122120 1085.8
−−−×= NmCε is the permittivity in free space. The distribution of 
the force acting on the actuator is plotted in Figure 4.13. The resultant force on the 
actuator was found to be ~2 × 10-7 N. The experimental effort to determine the force on 
the actuator will be discussed in a later section. 
  
 






4.8  Light-Induced Electrical Response 
 
To further demonstrate the intimacy of opto-electrical and opto-mechanical 
effects brought about by the focused laser beam, we show that one can attain light-
induced electrical response whilst using the same laser source to perform laser-induced 
actuation. A CNT micro-structure was fabricated on an aligned CNT array on quartz 
substrate. Tungsten probe needles (tip radius 2.4 µm) were used to connect the CNT 
sample to a source-meter (Keithley 6430). One of the probes was in contact with the 
CNTs near the focused laser beam and opposite to the actuating micro-structure as 
illustrated in Figure 4.14(a), the other probe in contact elsewhere further from the 
actuator micro-structure. A constant biased voltage of 1 mV was applied and an optical 
chopper was used to modulate the laser beam at ~1 Hz. The modulated beam was 
irradiated onto the sample from t = 2 s, inducing both actuation of the CNT 





Figure 4.14. (a) Schematic of electrical measurement across CNT sample while a CNT 
microstructure undergoes laser induced actuation. (b) Plot of current versus time under a 
focused laser periodically chopped at ~1Hz. Modulated laser beam irradiated from t = 2 
s. 
 
The response time of the laser induced current was in the order of 100 ms, comparable 
to a similar studies by Zhang and Iijima [154] designed to understand the mechanism of 
light induced motion of single-walled CNT bundles. As the authors had pointed out, 
photovoltaic or thermoelectric effects coupled with high inter-CNT resistance could 
result in local charge accumulation and trigger the actuation through electrostatic 
interaction between the CNT arrays at the opposite sides of the laser. We also see a 
similar attempt to associate photo-induced current with the actuation mechanism of 
88 
 
macroscopic actuators of SWCNT sheets by Lu and Panchapakesan [156].  The authors 
provided evidence that the photoconductivity of the CNT bundles were unlikely to be 
caused by oxygen absorption and desorption processes by showing similar response 
when the experiment was carried out in high vacuum. Instead, it was suggested that 
charge generation upon laser irradiation followed by charge transfer from metallic tubes 
to the semiconductor ones, coupled with interbundle or intertube barriers and poor 
intertube and interbundle contacts, collectively resulted in a local electrical field inside the 
SWNT bundles. In our case where the CNTs are multi-walled and thus metallic in nature, 
we suggest that the laser field polarised the local region of CNTs under the focused laser 
beam thereby inducing a change in current under a biased voltage. 
 
4.9  Determining the Magnitude of Force 
 
The magnitude of force generated to actuate the CNTs micro-structure was 
studied with a similar method used in [152]. A usual CNT actuator was created by laser-
trimming at the edge of a CNT sample. Laser induced actuation was demonstrated and 
the maximum horizontal displacement of the tips of the actuator was recorded. An 
atomic force microscope (AFM) tip/cantilever of a known force constant was brought to 
touch the edge micro-structure and was slowly pushed against it to the same magnitude 
of displacement as previously achieved by the focused laser.  The cantilever was observed 
to bend as a result. Figure 4.15 below shows optical micrographs of some stages of the 
described experiment. The AFM cantilever of force constant 0.32 N/m was found to be 
deflected by approximately 1 µm. The magnitude of force generated during the laser-
induced actuation is thus estimated to be 0.3 µN. Thus we can use such CNTs micro-
structures to apply a force of the order of sub-micron Newton. We note that the 
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experimentally acquired value of the force is of the same order magnitude as the value 
obtained from the theoretical value obtained above (Section 4.7). 
 
 
Figure 4.15. Experimental effort to measure of the amount of force exerted by the CNT 
actuator with an AFM cantilever with known force constant. The measured force is ~3 x 
10-7 N. 
 
4.10  Driving into Resonance 
 
Exploiting the properties of the rapid actuation and recovery of the CNT micro-
structures, we show that the CNT actuators effectively serve as optically driven micro-
mechanical oscillators. An optical chopper inserted in the optical train of the focused 
laser beam (see Figure 4.2) was employed to create periodic irradiation of laser beam onto 
the CNTs micro-structures. Using this technique, oscillating CNT micro-structures with 
oscillation frequencies ranging from 1 Hz to 40 kHz were achieved. We found that the 
CNTs oscillators can vibrate continuously at a high frequency of 20 kHz for over two 
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hours without significant fatigue issue. This represents 1.44 × 108 actuation cycles with 
no significant observable decrease in actuator stroke. We note that the above numerical 
figures are limited by the operation limits of the mechanical optical chopper rather than 
that of the CNT oscillators.  
 
Remarkably, these CNT micro-oscillators can be driven to resonance! This was 
achieved by modulating the laser beam in the kilo-Hertz range by using an optical 
chopper fixed with the blade with the largest number of slits (see Figure 2.10). An 
anticipated result it might be, attaining mechanical resonance within the working range of 
the mechanical optical chopper and without the use of more sophisticated equipments 
such as acoustic optical modulator, variable liquid crystal waveplate or phase shifter, etc., 
came almost as a revelation.9
                                                          
9 The author acknowledges Poh Hou Shun and Brenda from the Center of Quantum 
Technologies, NUS for their great suggestions and advice with various optical instruments.   
 Figure 4.16 shows snapshots of a CNT micro-oscillator 
operating in various frequencies in room ambient condition and in vacuum. A low laser 
power of ~4 mW was used throughout this experiment to prevent the snapping of the 
micro-structures when oscillating at the resonance frequencies. In the particular micro-
structure shown, resonance occurred at a driving frequency of 17.5 kHz in ambient and 
21.5 kHz in 10-4 Torr vacuum. Clearly, oscillation amplitudes at the resonance 
frequencies (Figure 4.16(c,g)) are significantly larger than that at non-resonance 
frequencies (Figure 4.16(b,d,f,h)). Corresponding videos of the CNT micro-oscillators in 




Figure 4.16. Snapshots of CNT a micro-structure oscillating in ambient and 10-4 Torr 
vacuum at various frequencies. Resonance is observed at 17.5 and 21.5 kHz in ambient 
and vacuum respectively. White dot indicates the position of the focused laser beam. 
Scale bar 10 µm. 
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Figure 4.17 plots the amplitude of the oscillation against driving frequency. A 
broad resonance peak for oscillations in ambient (Q-factor = 1.7) was observed in 
contrast with the sharp resonance peak (Q-factor = 39) for oscillations in vacuum (10-4 
Torr). The broadening and blue-shifting of the resonance peak from vacuum to ambient 
was expected due to greater damping of the system in ambient. The resonant frequency 
of the CNT micro-oscillator is dependent of the geometry of the micro-structure and the 




Figure 4.17. Plots of amplitude versus driving frequency exhibit the resonance behaviour 
at 17.5 and 21.5 kHz for oscillations in ambient and 10-4 Torr respectively. Q-factor of 




4.10  Summary and Conclusion 
 
In summary, we have presented a comprehensive description of the fabrication 
and operation of laser induced actuators of CNT array micro-structures. Several desirable 
features in our work outshine the other CNT actuators found in the literature. These 
include well-defined architectures of aligned CNTs in the micro-scale achieved by 
focused laser pruning, quick response of less than 1.5 ms to reach maximum actuation, 
robust actuators that perform under various working conditions, durability of at least 
1.44 × 108 actuation cycles and ability to reach resonance in a relativity low frequency 
regime (kHz). The mechanism of the opto-mechanical behaviour of the CNT actuators 
was probed and attributed to a laser induced electrostatic interaction mechanism. This 
was supported by the demonstration of charged-induce actuation by homogeneously 
charging the CNT sample with a Wimhurst machine and observation of light induce 
electricity produced along with the CNTs actuation. The force that resulted in the 
actuation was theoretically and experimentally determined to be in the sub-micro-
Newton range. Resonance of the actuators was demonstrated in ambient and vacuum 









Chapter 5  
Route towards Potential Carbon 
Nanotubes Based Devices 
  
 
As discussed in Chapter 1, applications of CNTs are extensive ranging from bio-
physics to nano-electronics. In this chapter we discuss some potential CNT-based 
devices and applications that utilises the interactions between light and CNTs. The bulk 
of the devices below are based on the phenomena laser-induced actuation and 
incandescence detailed in the previous two chapters. 
  
5.1  CNTs Oscillators  
 
Laser induced actuation of CNT micro-structures, besides being an exciting 
phenomenon in itself, is believed to be useful in a number of applications. In Section 
4.10, we have demonstrated that our CNT actuators are well suited to function as micro-
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oscillators with resonance frequency of ~20 kHz. Being optically driven, one does away 
the need to incorporate electrical connections to drive the oscillations. For a cantilever 








     (5.1) 
 
where βi is a constant for the ith harmonic with values β1=1.875, β2=4.694, L is the length 
of the cantilever beam, Y is the elastic modulus, I is the moment of inertia, ∑ is the mass 
density and A is the cross-sectional area of the micro-structure. The geometry dependent 
resonance frequency can be utilised to yield information on the mechanical and structural 
properties of CNT micro-arrays such as Young modulus and mass density. Such 
information is valuable to upcoming applications of aligned CNT micro-arrays.  
 
5.2  Opto-Mechanical-Electrical Devices 
 
The good electrical conductivity of multi-walled CNTs (which are metallic in 
nature) invites the application of CNT actuators to electrical circuits to form opto-
mechanical-electrical devices. We exemplify this with a simple switch constructed as 
shown in Figure 5.1. Two samples of aligned CNTs, each connected to a terminal of a 
source-meter (Yokogawa GS 610), were brought to close proximity. In one sample, a 
CNT micro-structure was pruned to form an actuator arm. When laser irradiates near the 
micro-structure, it actuates and to contact the opposite CNT sample, thus functioning as 





Figure 5.1. (a-b) Optical micrographs of a simple actuator switch in it “off” and “on” 
states. The scale bar represents 5 µm. (c) Current versus time signals obtained by 
periodically switching on and off the actuator switch. 
 
5.3  Multi-Components Actuator Systems 
 
The ease of laser pruning of CNT arrays allows one to design and fabricate a 
configuration of actuators that responds to a single laser beam. Figure 5.2 shows an 
example of one such configuration. A second laser can be added to the focused laser 
beam system as shown in Figure 5.3. A 50:50 beam splitter (B) or a mirror (M4) can be 
used to direct the second laser beam into the microscope. Care was taken such that the 
mirror M4 does not block the path of the first laser beam. As illustrated in the 
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experimental setup, it is straightforward to introduce more laser beams into the focused 
laser beam system. Here we added another laser source such that two focused laser 
beams can be independently controlled. Such modification helps to expand the capability 
of the opto-mechanical system. Figure 5.4 shows a two-actuator system where the CNT 
actuators were independently controlled by two separate laser beams. Videos of the 
experiments may be found in [141].  
 
 
Figure 5.2. A system of actuators moving in response to a single laser source. 
 
Figure 5.3. A second laser beam was directed into the optical microscope. Care had been 





Figure 5.4. (a) SEM image of a two-component CNT actuator system. (b-d) Optical 
images of the two-component system with (b) right laser on, (c) left laser on and (d) both 
laser on. White dots indicate the positions of the focused laser beams. 
 
5.4  Manipulation of other Nano-Materials and Hybrid 
Actuators 
 
We have found earlier that the laser imparts a sub-micro-Newton force to actuate 
the CNT micro-structure. This force will be transferred to other nano-materials that are 
in contact with the CNT micro-structure. We illustrated this with the bending of a V2O5 
nanowire as shown in Figure 5.5 below. A CNT micro-structure was created at the edge 
of the CNT array by laser pruning and a V2O5 nanowire was brought to immediate 
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contact with the micro-structure. Laser induced actuation of the micro-structure results 
in the bending of the nanowire. Videos of the experiments may be found in [141]. As 
shown in Figure 5.5, one can orientate the CNT micro-structure / nanowire to apply the 
force either parallel (a-b) or perpendicular (c-d) to the nanowire axis. The magnitude of 
the applied force may be tuned easily by adjusting the laser power. Such an application 
may be useful in mechanical studies and manipulation of various nano-materials. 
 
 
Figure 5.5. Laser induced actuation of CNT micro-structure utilised to bend on a V2O5 
nanowire. The sub-micro-Newton force are applied in the direction (a,b) parallel and 
(c,d) perpendicular to the nanowire axis. White dot indicates the position of the focused 
laser beam. Scale bar represents 10 microns.   
 
The fabrication and development of hybrid materials offer an almost limitless 
space for researchers to extend their creativity to put two or more materials for greater 
functionalities. A straightforward approach for this technique to reach out to other nano-
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materials is by simply loading the latter on the CNT actuators. This will allow materials 
that are not mechanically responsive to light to be manipulated by optical means. Hybrid 
actuators of CNTs / ZnO nanorods and CNTs / MoO3 nanobelts were constructed and 












Figure 5.6. (a) ZnO nanorod and (b) MoO3 nanobelt attached onto CNT micro-




Figure 5.7. (a) Laser-off and (b) laser-on states of a bundle of MoO3 nanobelts on CNT 
array. The nanobelt indicated by the arrow was observed to perform laser-induced 




One of the unique properties of MoO3 nanobelts is their colourful appearance. 
The colours exhibited are primarily related to the thickness of the nanobelts [160]. Figure 
5.7 and 5.8 are examples of these aesthetic nanostructures as seen from the optical 
microscope. Interestingly as found in a separate study, these nanobelts can change colour 
upon stress or when tilted at an angle. We successfully demonstrated simultaneous laser-
induced motion and colour changes of MoO3 nanobelts on CNT array. The video of this 
phenomenon was captured and can be viewed in [141]. 
(a) (b)
 
Figure 5.8. (a) Optical microscope image of colourful MoO3 nanobelts on aligned CNTs 
(not in view, below the nanobelts). (b) Upon focused laser irradiation, a shift in colours 
for a MoO3 nanobelt as indicated by the arrow was observed. Scale bar represents 10 
microns. 
 
Hybrid actuators described above were constructed by loading the nano-materials 
onto the CNT actuator by means of careful manipulation with a fine probe needle or by 
dispersing a fair quantity of the desired nano-material onto the CNT sample. The former 
offers precise control over the placement of the nano-material on specific locations on 
the CNT arrays while the latter is a quick and convenient method to spread the nano-
materials over a large area on the CNT sample. However, neither of the methods seems 
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to be ideal in terms of the adhesion of the two materials. The loosely attached ZnO 
nanorods or MoO3 nanobelts were often displaced to another location on the CNT array 
upon focused laser irradiation. To overcome this problem, we suggest growing the nano-
materials directly on the CNT arrays. In the next section, we detail our attempts to grow 
MoO3 nanobelts directly on CNTs arrays. 
 
5.5  Synthesis of MoO3 Nanobelts on MWCNT Arrays 
 
We report the successful synthesis of MoO3 directly on aligned arrays of multi-
walled carbon nanotubes (MWCNTs). Vertically aligned MWCNTs are grown on Si 
substrate by the PECVD method. MoO3 nanobelts are grown directly on the CNT arrays 
by a simple hotplate method as illustrated in Figure 5.9. A piece of Mo metal foil was 
placed over a hotplate at 400—4500C. A sample of aligned CNT was placed over the Mo 
foil. It was found that a spacer between the Mo foil and CNT array, provided by the glass 
slides as illustrated below, was necessary for optimal growth of MoO3 nanobelts without 
destroying the CNTs. The setup was left for 3—4 days, after which the hotplate was 
cooled to room temperature and the CNT sample collected for characterization. 
 
Figure 5.9. Schematic of experiment setup for the systhesis of MoO3 nanobelts on 




SEM images of MoO3 nanobelts directly grown on CNT arrays are shown in 
Figure 5.10. (a) and (b) show wide-angle views where we can see scattered growth of  
MoO3 nanobelts in the carpet of CNTs array. Figure 5.10(c) is a magnified image of the 
selected (boxed) area in (a) where we see a cluster of MoO3 nanobelts forming an 
interesting flower-like structure. Figure 5.10(d) shows an isolated belt protruding almost 
vertically out of the CNT carpet. We further perform micro-Raman spectroscopy on the 
sample, the results shown in Figure 5.11. Here we had positioned the Raman focused 
laser beam at the boundary between the MoO3 belt and CNTs as indicated by the green 
dot in the inset of Figure 5.11. The results show Raman peaks from both CNTs and 
MoO3. This confirms the identity of these materials after the synthesis process. In 
addition we also grew MoO3 nanobelts on CNT bundles suspended across TEM grids, 






Figure 5.10. SEM images of MoO3 growned directly on aligned CNT array. Selected area 
in (a) is magnified and shown in (c).  
 
 
Figure 5.11. Micro-Raman spectroscopy of MoO3 on CNTs shows the characteristic 
peaks for both materials. The focused Raman laser was irradiated at the position as 





Figure 5.12. Growth of MoO3 on suspend CNT bundles. 
 
5.6  Heat resilience CNTs after LII  
 
Extreme temperature generated during LII is likely to result in significant physical 
and chemical modifications to the CNTs. As shown in Chapter 3, the use of a focused 
laser beam to induce incandescence in the CNT array can raise the temperature locally to 
more than 2000 K. Furthermore, Raman spectroscopic studies in Section 3.7 indicates 
that such localised high temperature heating resulted in the purification of CNTs in the 
incandescence zone. In this section, we present an interesting application of LII in CNTs 




Post-LII CNTs were found to withstand high temperature heating better than as-
grown CNTs. We illustrate this with a couple of experiments described below. In the 
first set of experiment, four pillars of aligned CNTs were isolated from the array by 
means of laser pruning in ambient. The sample was then subjected to vacuum and LII 
was performed briefly (<10 s) on two of the pillars. Finally, the CNT sample was 
transferred to a chemical vapour deposition (CVD) chamber or a controlled tube furnace 
where homogeneous heating of the sample was carried out at 800oC for 30 min in argon 
environment (flow rate of 20 sccm, chamber pressure ~10-1 Torr). Figure 5.13 shows 
optical images of the CNT pillars (a) just after laser pruning, (b) after LII and (c) after 
heating in tube furnace. Note in (b) that the two pillars at top-right and bottom-left had 
experienced LII and were noticeably smaller than the other two. The result in (c) is clear 
– the two pillars that did not undergo LII and the CNTs at the outer regions were 




Figure 5.13. Optical micrographs of 4 pillars of laser-pruned CNT arrays (a) before LII 




The experiment is repeated to prove its validity. For the second experiment, three 
sets of micro-structures consisting of the letters ‘HCI’10
                                                          
10 This experiment was carried out together with Ms Kassandra Lim from Hwa Chong Institution 
(HCI) as part of a Science Research Programme project. 
 were laser-pruned on the same 
CNT sample as shown in Figure 5.14. The first ‘HCI’ (a) was to be used as a control for 
the experiment and no LII was performed prior to heat treatment. On the second set of 
‘HCI’ (c), LII was performed briefly (~5s) at various locations on the micro-structures. 
On the third set (f), we used the computer-controlled motorised stage to move the CNT 
sample in a pre-programmed course to raster the ‘HCI’ micro-structures with the focused 
laser beam in vacuum, thus scanning the pattern with LII. The CNT sample was then 
removed from the vaccum cell and sent into a controlled tube furnace. Figures 5.14(d) 
and (g) shows the second and third ‘HCI’s after LII and Figures 5.14(e) and (h) shows 
the respective outcome after tube furnace heating. Heating parameters were kept the 
same as the previous experiment. Results of the experiment as shown in Figure 5.14 




Figure 5.14. Increased heat resilience of post-LII CNTs is confirmed with a second set of 
experiment. Scale bar of the optical images represents 20 µm. 
 
The above experiments demonstrated the heat resilience of post-LII CNTs in a 
controlled argon environment, up to a temperature as high as 800oC. In the following we 
show that post-LII CNTs are also more resilient than as grown CNTs when heated in 
normal air composition at room pressure, thus implicating a wider range of applications. 
Two sets of ‘NUS’ micro-structures were laser pruned on a CNT sample as shown in 
Figure 5.15(a) and (c). The former was used as a control while the latter was raster-scan 
with laser in vacuum to induce incandescence across the micro-structures. Figure 5.15(d) 
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shows the CNT micro-structures after LII. The sample was then loaded into a hot open-
ended tube furnace and heated at 600oC for 30 minutes.  Results in (b) and (e) clearly 
show the better survivability of post-LII CNTs to high temperature heating in ambient. 
Mechanism for such a difference in property is still under investigation. 
 
 
Figure 5.15. SEM images of ‘NUS’ microstructures (a) set 1 after laser pruning, (b) set 1 
after heating, (c) set 2 after laser pruning, (d) Set 2 after raster scan LII and (e) set 2 after 
heating. Heating was carried out in an open tube furnace at 600oC for 30 minutes in 
ambient air composition.  
 
5.7  Transfer and Folding of CNTs Array on Flexible 
Substrate  
 
Aligned CNTs on flexible and foldable substrate is obtained by a combination of 
transfer and laser pruning/LII. The method of transferring aligned array of CNTs from 
its as grown substrate to other substrates such as glass, paper, plastic films, cloth, etc. 
with poly-dimethylsilicate (PDMS) as intermediary was developed by our group [161]. In 
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brief, the receiver substrate is first sputtered with a 50 nm thick layer of Pt to provide 
good wetting of PDMS. A droplet of PDMS mixture prepared by mixing 10 parts of 
PDMS base to 1 part of curing agent (Dow Corning) is dropped onto the receiver 
substrate and spin-coated at 3000 rpm for 180s. The aligned CNT sample is then 
inverted and placed atop the PDMS coated substrate. With slight pressure applied, the 
CNT-PDMS-substrate assembly is heated in a hotbox oven or over a hotplate at 120oC 
for 5 mins to cure the PDMS. The CNT is now anchored into the PDMS matrix on the 
receiver substrate and is then peeled off its original substrate. A schematic flow-







Figure 5.16. Schematic flow of CNT array transfer with PDMS as intermediary. (a) ~50 
nm Pt sputtered onto receiver substrate. (b) A drop of PDMS mixture spincoated at 3000 
rpm for 3 mins. (c) CNT array inverted and pressed down onto the PDMS coated 
substrate. The assembly is heated at 120oC for 5 mins to cure the PDMS. (d) Cooling and 
removal of the original substrate but peeling and lifting off, leaving the aligned CNTs 




 Due to the low temperature involved in the above transferring technique, one 
can construct vertically aligned CNTs on flexible plastic substrates, which is otherwise 
not possible through direct growth due to the high temperature involved during CNT 
growth. Bending and folding of aligned CNTs on plastic substrates provide a new 
dimension leading to a wider range of applications. Below we describe a “score and fold” 
technique to fold sheets of aligned CNTs into intricate structures.  
 
Firstly aligned CNTs are transferred onto a piece of plastic transparency film by 
the method described above. Laser pruning is then carried out to form the lines in which 
the sheet will be folded. Interestingly we find that the irradiation of the focused laser 
beam on the transferred CNTs results in a rather bright and sustained LII even without 
subjecting the sample in vacuum. This is likely due to the oxygen-deficient environment 
within the PDMS matrix. As found in the previous chapter, oxygen gas is responsible for 
the destruction of CNTs during LII. Here the CNTs are anchored within the PDMS 
matrix, the latter provides an oxygen-deficient environment that helps to slow down the 
rate of destruction of CNTs and thus allowing the LII to be more sustained. The 
prolonged LII helped to raise the temperature of the CNT-PDMS-transparency film 
assembly which in turn melts the local region of the transparency film. This effectively 
results in the scoring11
 
 of the film as the focused laser beam draws across it. Lastly, the 
area of the film to be folded is then cut out and folded to the desired shape. Figure 5.17 
and 5.18 show the photographs of the folding of a transferred CNT-on-film. 
                                                          
11 Scoring is a technique used in paper-art where a depression or crease is formed in paper using a 





Figure 5.17. Photographs of (a) vertically aligned CNTs transferred onto Pt-coated 
plastic. (b) laser pruning to score the lines for folding; (c) folding a simple mountain fold 
with the CNT-on-film. 
 
  
Figure 5.18. Photographs of (a) vertically aligned CNTs transferred onto Pt-coated plastic 
transparency film; (b) laser pruning to score the lines for folding; (c) folding the CNT-









Chapter 6  
Conclusion  
 
In this work, we primarily utilise a focused laser beam system to study the 
interaction between light and CNTs. We begin with a moderate-power (and relatively 
inexpensive) continuous-wave laser source coupled to an optical microscope, to produce 
an intense focused laser beam which interacts with our samples of aligned multi-walled 
CNTs to exhibit phenomena of laser pruning, laser-induced actuation of CNT micro-
structures and sustained laser-induced incandescence of aligned CNTs in vacuum. 
Immediately after these phenomena were discovered in 2002 [6], much effort had been 
spent on understanding and optimising the laser pruning process due to its apparent 
application in post-growth patterning of aligned CNTs arrays. In this thesis we focus on 
the latter two phenomena, with the aim of providing an exhaustive study of the actuation 




Sustained laser-induced incandescence (LII) observed when a focused laser beam 
irradiates on aligned CNTs arrays in vacuum. The sustained incandescence is believed to 
originate from radiative dissipation of heated CNTs due to laser-CNT interactions. 
Sustainability of the LII up to two hours was achieved. Fittings of the LII intensity 
spectrum with Planck blackbody distribution indicate a rise of temperature from room 
temperature to ~2500 K in less than 0.1 s upon laser irradiation. Intensity of LII 
correlates with laser power while its lifetime increases with higher vacuum level. Post-LII 
SEM studies on the incandescence sites revealed several interesting features such as the 
thickening of CNTs after raster scanning with laser and post-LII craters with concentric 
ring patterns, both of which was not observed when the laser irradiates CNTs array in 
room pressure condition. The thickening of CNTs is likely caused by the coating of 
graphitic materials that came from the tips of CNTs destroyed during LII. Supporting 
Raman studies showed the increased graphitic (sp3) nature of the post-LII CNTs, 
suggesting the removal of amorphous carbons from the CNTs in the laser-heated 
incandescence zone. Such modifications in the individual tubes may result in a more 
tightly packed array thus inducing cracks in the array as seen in the concentric-ring 
patterns. Thermal runaway is observed during incandescence in low vacuum levels, 
resulting in massive destruction of CNTs and an abrupt end of the LII. Carefully 
controlled environmental dependence studies pinpoint oxygen gas responsible for such 
thermal runaways. 
 
With laser pruning, micro-structures of aligned CNTs array can be easily 
patterned or isolated from the bulk array. The irradiation of a focused laser beam at the 
space between the micro-structure and the neighbouring bulk (or in between two 
neighbouring micro-structures) results in the actuation of the micro-structure(s). 
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Response study with a high-speed camera showed that the response and recovery of the 
micro-actuators is in the order of a milli-second. Such laser-induced actuation (LIA) is 
strongly dependent on the laser power and the geometry of the micro-structure, but not 
on the wavelength of the laser. A few possible mechanisms of actuation were proposed. 
Through experimental observation, we eventually eliminated all but one proposal – a 
laser-driven electrostatic interaction between the CNTs in the micro-structure and the 
neighbouring bulk array (or between neighbouring micro-structures). Details of these 
experiments can be found in Section 4.6. An interesting experiment which probably 
involved the greatest amount of mechanical work was the use of a manually rotated 
Wimhurst wheel to charge the CNT micro-structures creating actuation of similar 
magnitude as that created by LIA, thereby demonstrating the validity of the proposed 
mechanism. We further give proof to our mechanism by measuring electrical signals with 
micro-probes in contact with CNTs near the actuating micro-structures. Based on the 
electrostatic mechanism, we set up the numerical recipe to solve the Laplace equation in 
the boundary value problem and obtain the magnitude of the force of actuation to be 
~2×10-7 N. An experimental verification of the magnitude of force was carried out with 
an AFM cantilever yielding a similar value. To close the actuation chapter, we 
demonstrated the CNT micro-actuators can be driven into resonance with a periodically 
chopped laser beam. Resonance of a particular micro-structure was found to be 17.5 kHz 
in ambient and 21.5 kHz in 10-4 Torr vacuum. 
 
The extensive study of LIA and LII in this thesis is aimed to provide groundwork 
for more exciting uses of CNTs. Examples of potential applications of LIA and LII of 
aligned CNTs are the incorporation of optically controlled movable parts on micro-chips 
for the former and extreme localised heating of CNT arrays for the latter. In Chapter 5, 
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we discussed the feasibility of devices and processes based on light-CNT interactions and 
demonstrated the potential use of the CNT micro-actuators as CNTs oscillators and as 
movable components in opto-mechanical-electrical devices. Manipulation of other nano-
materials such as ZnO nanowires and the assembly of hybrid (CNTs/MoO3) actuators 
are also achieved.  
 
Future works can be motivated and derived from this manuscript. The scaling 
down of the CNTs micro-structures by an order of magnitude will not only save on the 
laser energy to power the actuation, it will also make them more viable to be 
incorporated in micro-chip devices. This may be done through improved techniques in 
laser pruning such as the use of UV lasers and more powerful lenses. Electron beam 
lithography may also be used to pattern the catalysts for growth to further reduce the 
feature size of the CNT micro-structures. The assembly of other nano-materials onto the 
CNT actuators opens exciting avenues for development of integrated and 
multifunctional devices. For example, nanowire lasers and nanoribbon waveguides 
[162,163] may be incorporated to the CNT actuators to create movable nano-photonic 
elements which may in turn be used to manipulate other CNT actuators in an integrated 
system. Our study of LII of CNTs in controlled gaseous environments prompts future 
investigations of LII in liquid environments and polymer matrix. It is believed that the 
localised and instantaneous heating by LII can be used to induce site-selective chemical 
reactions between CNTs and other reactants in the environment. The broadband light 
emissions may be useful for a wide range of optically induced endothermic reactions. The 









[1]  S.Iijima, Nature (London) 354, 56 (1991) 
[2]  G. Singh, P. Rice, K. E. Hurst, J. H. Lehman, and R. L. Mahajan, Appl. Phys. 
Lett. 91, 033101 (2007) 
[3]  X. Bai, D. Li, D. Du, H. Zhang, L.Chen, and J. Liang, Carbon 42, 2113 (2004) 
[4]  R. Z. Ma, B. Q. Wei, C. L. Xu, J. Liang, and D. H. Wu, Carbon 38, 623 (2000)   
[5]  F. C. Cheong, K. Y. Lim, C. H. Sow, J. Lin, and C. K. Ong, Nanotechnology 14, 
433 (2003) 
[6]  K. Y. Lim, C. H. Sow, J. Lin, F. C. Cheong, Z. X. Shen, J. T. L. Thong, K. C. 
Chin, A. T. S. Wee, Adv. Mater. 15, 300 (2003)  
[7] S. Lu, B. Panchapakesan, Nanotechnology, 18, 305502 (2007) 
[8]  A. Fujiwara, Y. Maniwa, H. Suematsu, N. Ogawa, K. Miyano, H. Kataura, Y. 
Maniwa, S. Suzuki, and Y. Achiba, Jpn. J. Appl. Phys., Part 2 40, L1229 (2001). 
[9]  Z. P. Yang, L. Ci, J. A. Bur, S. Y. Lin, P. M. Ajayan, Nano Lett., 8, 446-451 
(2008) 
[10]  http://www.nec.co.jp/rd/Eng/innovative/E1/myself.html   
[11]  J. A. E. Gibson, Nature 359, 369 (1992) 
[12]  M. Monthioux, V. L. Kuznetsov, Carbon 44, 1621 (2006) 
[13]  T .W. Ebbesen, P. M. Ajayan, Nature 358, 220 (1992) 
118 
 
[14]  J. W. Mintmire, B. I. Dunlap, C. T. White, Phys. Rev. Lett. 68, 631 (1992) 
[15]  N. Hamada, S. Sawada, A. Oshiyama, Phys. Rev. Lett. 68, 1579 (1992) 
[16]  R. S. Ruoff, J. Tersoff, D. C. Lorents, S. Subramoney, B. Chan, Nature 364, 514 
(1993) 
[17]  S. Iijima, T. Ichihashi, Nature 363, 603 (1993) 
[18]  D. S. Bethune, C. H. Kiang, M. S. De Vries, G. Gorman, R. Savoy, J. Vasquez, R. 
Beyers, Nature 363, 605 (1993)  
[19]  S. C. Tsang, P. J. F. Harris, M. L. H. Green, Nature 372, 159 (1994) 
[20]  P. M. Ajayan, S.Iijima, Nature 361, 333 (1993) 
[21]  A. P. Ramirez, R. C. Haddon, O. Zhou, P. M. Fleming, J. Zhang, S. M. McClure, 
R. E. Smalley, Science 265, 84 (1994) 
[22]  O. Chauvet, L. Forro, W. Bacsa, D. Ugarte, B. Doudin, W. A. De Heer, Phys. 
Rev. B 52, 6963 (1995)  
[23]  T. W. Ebbesen, P. M. Ajayan, H. Hiura, K. Tanigaki, Nature 367, 519 (1994) 
[24]  A. Thess, R. Lee, P. Nikolaev, H. Dai, P. Petit, J. Robert, C. Xu, Y. H. Lee, S. G. 
Kim, A. G. Rinzler, D. T. Colbert, G. E. Scuseria, D. Tomanek, J. E. Fischer, R. 
E. Smalley, Science 273, 483 (1996) 
[25]  Y. H. Wang, J. Lin, C. H. A. Huan, G. S. Chen, Appl. Phys. Lett. 79, 680 (2001) 
[26]  M. S. Dresselhaus, G. Dresselhaus, J. C. Charlier, E. Hernandez, Phil. Trans. R. 
Soc. Lond. A 362, 2065 (2004) 
[27]  T. Ando, NPG Asia Mater. 1, 17 (2009) 
[28]  T. Inoue, K. Matsuda, Y. Murakami, S. Maruyama and Y. Kanemitsu, Phys. Rev. 
B 73, 233401 (2006) 
[29]  P. Lespade, R. Al-Jishi, M. S. Dresselhaus, Carbon 20, 427 (1982) 
[30]  P. Lespade, A. Marchand, M. Couzi, F. Cruege, Carbon 22, 375 (1984) 
119 
 
[31]  H. Hiura, T. W. Ebbesen, J. Fujita, K. Tanigaki, T. Takada, Chem. Phys. Lett. 
202, 509 (1993) 
[32]  W. S. Bacsa, W. A. de Heer, D. Ugarte, A. Chatelain, Chem. Phys. Lett. 211, 346 
(1993) 
[33]  H Kataura, Y. Kumazawa, Y. Maniwa, I Umezu, S. Suzuki, Y. Ohtsuka and Y. 
Achiba, Synthetic Metals 103, 2555 (1999). 
[34]  S. M. Bachilo, M. S. Strano, C. Kittrell, R. H. Weisman, R. E. Smalley, Science, 
298, 2361 (2002) 
[35]  M. Freitag, Y. Martin, J. A. Misewich, R. Martel, Ph. Avouris, Nano Lett. 3, 1067 
(2003)  
[36]  G. E. Moore, Electronics, 38, 8 (1965) 
[37]  Z. Yao, C. L. Kane, C. Dekker, Phys. Rev. Lett. 84, 2941 (2000) 
[38]  J. Li, Q. Ye, A. Cassell, H. T. Ng, R. Stevens, J. Han, M. Meyyappan, Appl. Phys. 
Lett. 82, 2491 (2003) 
[39]  G. S. Duesberg, A. P. Graham, M. Liebau, R. Seidel, E. Unger, F. Kreupl, W. 
Hoenlein, Nano Lett. 3, 257 (2003) 
[40]  M. Horibe, M. Nihei, D, Kondo, A. Kawabata, Y. Awano, Jpn. J. Appl. Phys. 44, 
5309 (2005) 
[41]  G. F. Close, S. Yasuda, B. Paul, S. Fujita, H.-S. P. Wong, Nano Lett. 8, 706 (2008) 
[42]  X. Liang, S. Wang, X. Wei, L. Ding, Y. Zhu, Z. Zhang, Q. Chen, Y. Li, J. Zhang, 
L. M. Peng, Adv. Mater. 21, 1339 (2009) 
[43]  S. J. Tan, A. R. M. Verschueren, C. Dekker, Nature 393, 49 (1998) 
[44]  A. Javey, J. Guo, Q. Wang, M. Lundstrom, H. Dai, Nature 424, 654 (2003) 




[46]  Z. Yao, H. W. C. Postma, L. Balents, C. Dekker, Nature 402, 273 (1999) 
[47]  H. M. Manohara, E. W. Wong, E. Schlecht, B. D. Hunt, P. H. Siegel, Nano Lett. 
5, 1469 (2005) 
[48]  C. G. Lu, L. An, Q. Fu, J. Liu, H. Zang, J. Murduck, Appl. Phys. Lett. 88, 133501 
(2006) 
[49]  S. Wang, Z. Zhang, L. Ding, X. Liang, J. Shen, H. Xu, Q. Chen, R. Cui, Y. Li, L. 
M. Peng, Adv. Mater. 20, 3258 (2008) 
[50]  G. E. Moore, Solid-State Circuits Conference, 2003. Digest of Technical Papers. 
ISSCC. 2003 IEEE International, 1, 20 (2003) 
[51]  F. Lu, L. Gu, M. J. Meziani, X. Wang, P. G. Luo, L. M. Veca, L. Cao, Y. P. Sun, 
Adv. Mater. 21, 139 (2009) 
[52]  A. Joshi, S. Punyani, S. S. Bale, H. Yang, T. Borca-Tasciuc, R. S. Kane, Nat. 
Nanotechnol. 3, 41 (2008)  
[53]  H. R. Byon, H. C. Choi, J. Am. Chem. Soc. 128, 2188 (2006) 
[54]  A. Star, E. Tu, J. Niemann, J.-C. P. Gabriel, C. S. Joiner, C. Valcke, Proc. Natl. 
Acad. Sci. USA 103, 921 (2006) 
[55]  Y. Yun, Z. Dong, V. Shanov, W. R. Heineman, H. B. Halsall, A. Bhattacharya, L. 
Conforti, R. K. Narayan, W. S. Ball, M. J. Schulz, Nano Today 2, 30 (2007) 
[56]  N. W. S. Kam, H. Dai, Phys. Status Solidi B 243, 3561 (2006) 
[57]  L. Lacerda, S. Raffa, M. Prato, A. Bianco, K. Kostarelos, Nano Today 2, 38 
(2007)  
[58]  M. Prato, K. Kostarelos, A. Bianco, Acc. Chem. Res. 41, 60 (2008) 
[59]  P. Cherukuri, S. M. Bachilo, S. H. Litovsky, R. B. Weisman, J. Am. Chem. 
Soc. 126, 15638 (2004) 
[60]  K. Welsher, Z. Liu, D. Daranciang, H. Dai, Nano Lett. 8, 586 (2008) 
121 
 
[61]  N. N. Ratchford, S. Bangsaruntip, X. Sun, K. Welsher, H. Dai, J. Am. Chem. Soc. 
129, 2448 (2007) 
[62]  A. E. Porter, M. Gass, K. Muller, J. N. Skepper, P. A. Midgley, M. Welland, 
Nat. Nanotechnol. 2, 713 (2007) 
[63]  M. Khodakovskaya, E. Dervishi, M. Mahmood, Y. Xu, Z. Li, F. Watanabe, A. S. 
Biris, ACS nano 3, 3221 (2009) 
[64]  A. L. M. Reddy, M. M. Shaijumon, S. R. Gowda, P. M. Ajayan, Nano Lett. 9, 
1002 (2009) 
[65]  D. Yu, Y. Chen, B. Li, X. Chen, M. Zhang, Appl. Phys. Lett. 90,161103 (2007) 
[66]  J. Cao, J. Z. Sun, J. Hong, H. Y. Li, H. Z. Chen, M. Wang, Adv. Mater. 16, 84 
(2004) 
[67]  I. Robel, B. A. Bunker, P. V. Kamat, Adv. Mater. 17, 2458 (2005) 
[68]  X. Wang, N. Padture, H. Tanaka, Nat. Mater. 3, 539 (2004) 
[69]  Z. Xia, L. Riester, W. A. Curtin, H. Li, B. W. Sheldon, J. Liang, B. Chang, J. M. 
Xu, Acta Materialia, 52, 931 (2004) 
[70]  H. Dai, J. H. Hafner, A. G. Rinzler, D. T. Colbert, R. E. Smalley Nature 384, 
[71]  R. Haggenmueller, H. H. Gommans, A. G. Rinzler, J. E. Fischer, Winey, K. I. 
Chem. Phys. Lett. 330, 219 (2000) 
[72]  D. Qian, E. C. Dickey, R. Andrews, T. Rantell, Appl. Phys. Lett. 76, 2868 (2000). 
[73]  C. A. Cooper, D. Ravicha, D. Lips, J. Mayer, H. D. Wagne, Compos. Sci. 
Technol. 62, 1105 (2002) 
[74]  E. Kymakis, I. Alexandou, G. A. Amaratunga, J. Synth.Met. 127, 59 (2002) 
[75]  K. H. An et. al. Adv. Funct. Mater. 11, 387 (2001) 




[77]  A. G. Rinzler, J. H. Hafner, P. Nikolaev, P. Nordlander, D. T. Colbert, R. E. 
Smalley, L. Lou, S. G. Kim, and D. Tománek, Science 269, 1550 (1995).  
[78] W. A. de Heer, A. Chatelain, D. Ugarte, Science 270, 1179 (1995) 
[79]  Y. Sun, H.H. Wang. Adv. Mater. 19, 2818 (2007) 
[80]  J. Kong, M. G. Chapline, H. Dai. Adv. Mater. 13, 1384 (2001) 
[81]  J. Sippel-Oakley, H. T. Wang, B. S. Kang, Z. Wu, F. Ren, A. G. Rinzler, S. J. 
Pearton. Nanotechnology, 16, 2218 (2005) 
[82]  E. Kymakis, I. Alexandrou, G. A. J. Amaratunga, J. Appl. Phys. 93, 1764 (2003) 
[83]  M. W. Rowell, M. A. Topinka, M. D. McGehee, H. J. Prall, G. Dennler, N. S. 
Sariciftci, L. Hu, G. Gruner, Appl. Phys. Lett. 88, 233506 (2006) 
[84]   J. S. Sakamoto, B. Dunn. J. Electrochem. Soc. 149, 2845 (2002). 
[85]  Z. H. Wen, Q. Wang, Q. Zhang, J. H. Li. Adv. Funct. Mater. 17, 2772 (2007) 
[86]  M. S. Park, S. A. Needham, G. X. Wang, Y. M. Kang, J. S. Park, S. X. Dou, H. K. 
Liu. Chem. Mater. 19, 2406 (2005) 
[87]  H. X. Zhang, C. Feng, Y. C. Zhai, K. L. Jiang, Q. Q. Li, S. S. Fan. Adv. Mater. 21, 
2299 (2009) 
[88]  K. L. Jiang, Q. Q. Li, S. S. Fan. Nature 419, 801 (2002) 
[89]  M. Zhang, K. R. Atkinson, R. H. Baughman. Science 306, 1358 (2004) 
[90]  M. Zhang, S. L. Fang, A. A. Zakhidov, S. B. Lee, A. E. Aliev, C. D. Williams, K. 
R. Atkinson, R. H. Baughman. Science 309, 1215 (2005) 
[91]  X. B. Zhang, K. L. Jiang, C. Feng, P. Liu, L. N. Zhang, J. Kong, T. H. Zhang, Q. 
Q. Li, S. S. Fan. Adv. Mater. 18, 1515 (2006) 
[92]  X. F. Zhang, Q. W. Li, Y. Tu, Y. Li, J. Y. Coulter, L. X. Zheng, Y. H. Zhao, Q. 
X. Jia, D. E. Peterson, Y. T. Zhu. Small, 3, 244 (2007)  
123 
 
[93]  K. Liu, Y. Sun, L. Chen, C. Feng, X. Feng, K. Jiang, Y. Zhao, S. Fan. Nano Lett. 
8, 700 (2008) 
[94]  L. Ren, C. L. Pint, L. G. Booshehri, W. D. Rice, X. Wang, D. J. Hilton, K. 
Takeya, I. Kawayama, M. Tonouchi, R. H. Hauge, J. Kono. Nano Lett. 9, 2610 
(2009) 
[95]  K. Kordas, G. Toth, P. Moilanen, M. Kumpumaki, J. Vahakangas, A. Uusimaki, 
R. Vajtai, P. M. Ajayan. Appl. Phys. Lett. 90,123105 (2007) 
[96]   L. B. Kish, P. M. Ajayan. Appl. Phys. Lett. 86,093106 (2005) 
[97]  K. Jensen, J. Weldon, H. Garcia, A. Zettl. Nano Lett. 7, 3508 (2007)  
[98]  R. Krupke, F. Hennrich, H. von Lohneysen, M. M. Kappes, Science 301, 344 
(2003)  
[99]  D. Chattopadhayay, I. Galeska, F. Papadimitrakopoulos, J. Am. Chem. Soc. 125, 
3370 (2003) 
[100]  G. G. Samsonidze, S. G. Chou, A. P. Santos, V. W. Brar, G. Dresselhaus, M. S. 
Dresselhaus, A. Selbst, A. K. Swan, M. S. Unlu, B. B. Goldberg, D. 
Chattopadhyay, S. N. Kim, F. Papadimitrakopolous, Appl. Phys. Lett. 85, 1006 
(2004)  
[101]  M. Zheng, A. Jagota, E. D. Semke, B. A. Diner, R. S. Mclean, S. R. Lustig, R. E. 
Richardson, N. G. Tassi, Nat. Mater. 2, 338 (2003)  
[102]  A. A. Vetcher, S. Srinivasan, I. A. Vetcher, S. M. Abramov, M. Kozlov, R. H. 
Baughman, S. D. Levene, Nanotechnology 17, 4263 (2006) 
[103]  A. Huczko et al. Fullerene Sci. Technol. 9, 251 (2001) 
[104]  A. Takagi et al. J. Toxicol. Sci.33, 105 (2008) 
[105]  C. A. Poland, R. Duffin, I. Kinloch, A. Maynard, W. A. Wallace, A. Seaton, V. 
Stone, S. Brown, W. MacNee, K. Donaldson, Nat. Nanotechnol. 3, 423 (2008) 
124 
 
[106]  K. Kostarelos, Nature Nanotechnology, 26, 774 (2008) 
[107]  B. T. Mossman, A. Churg, Am. J. Respir. Crit. Care Med. 157,1666 (1998) 
[108]  D. L. Andrews, D. S. Bradshaw, Optics Lett. 30, 783 (2005) 
[109]  Y. Zhang, S, Iijima, Phys. Rev. Lett. 82, 3472 (1999) 
[110]  K. Balasubramanian, Y. Fan, M. Burghard, K. Kern, M. Friedrich, U. Wannek, A. 
Mews, Appl. Phys. Lett. 84, 2400 (2004) 
[111]  D. A. Stewart, F. Leonard, Nano Lett. 5, 219 (2005) 
[112]  P. M. Ajayan, M. Terrones, A. de la Guardia, V. Hur, N. Grobert, B. W. Qing, H. 
Lezc, G. Ramanath, T. W. Ebbsen, Science 296, 705 (2002) 
[113]  S. H. Tseng, N. H. Tai, W. K. Hsu, L. J. Chen, J. H. Wang, C. C. Chiu, C. Y. Lee, 
L. J. Chou, K. C. Leou, Carbon 45, 958 (2007) 
[114]  S. Singamaneni, V. Shevchenko, V. Bliznyuk, Carbon 44, 2191 (2006)  
[115]  Y.Y.Wei, G. Eres, Nanotechnology 11, 41 (2000)  
[116]  K. B. K. Teo, E. Minoux, L. Hudanski, F. Peauger, J. P. Schnell, L. Gangloff, P. 
Legagleux, D. Dieumegard, G. A. J. Amaratunga, W. I. Milne, Nature 437, 968 
(2005)  
[117]  S. Talapatra, S. Kar, S. K. Pal, R. Vajtal, L. Ci, P. Victor, M. M. Shaijumon, S. 
Kaur, O. Nalamasu, P. M. Ajayan, Nature Nanotechnology 1, 112 (2006) 
[118]  X. Liu, K. H. R. Baronian, A. J. Downard, Anal. Chem. 80, 8835 (2008) 
[119]  H. Murakami, M. Hirakawa, C. Tanaka, H. Yawakawa, Appl. Phys. Lett. 76, 1776 
(2000) 
[120]  T. W. Weng, Y. H. Lai, K. Y. Lee, Appl. Surf. Science 254, 7755 (2008) 
[121]  R. E. Camacho, A. R. Morgan, M. C. Flores, T. A. McLeod, V. S. 
Kumsomboone, B. J. Mordecai, R. Bhattacharjea, W. Tong, B. K. Wagner, J. D. 
Flicker, S. P. Turano, W. J. Ready, JOM 59, 39 (2007) 
125 
 
[122]  P. Joseph, C. Cottin-Bizonne, J. M. Benort, C. Ybert, C. Journet, P. Tabeling, L. 
Bocquet, Phys. Rev. Lett. 97, 156104 (2006) 
[123]  Z. F. Ren, Z. P. Huang, D. Z. Wang, J. G. Wen, J. W. Xu, J. H. Wang, L. E. 
Calvet, J. Chen, M. A. Reed, J. F. Klemic, Appl. Phys. Lett. 75, 1086 (1999) 
[124]  B. Q. Wei, R. Vajtal, Y. Jung, J. Ward, R. Zhang, G. Ramanath, P. M. Ayajan, 
Nature 416, 495 (2006)  
[125]  H. Kind, J. M. Bonard, C. Emmenegger, L. O. Nilsson, K. Hernadi, E. M. 
Schaller, L. Schlapbach, L. Forro, K. Kern, Adv. Mat. 11, 1285 (1999)  
[126]  http://www.physics.nus.edu.sg/~physowch/CNT_LII/CNT_LII_long.html 
[127]  A. C. Eckbreth, J. Appl. Phys. 48, 4473 (1977) 
[128]  L. A. Melton, Appl. Opt. 23, 2201 (1984) 
[129]  C. J. Dasch, 20th Symposium (International) on Combustion, 1231-1237 (1984) 
[130]  R. L. VanderWal, K. J. Weiland, Appl. Phys. B 59, 445 (1994) 
[131]  H. A. Michelsen, J. Chem. Phys. 118, 7012 (2003) 
[132]  C. Schulz, Appl. Phys. B: Lasers Opt. 83, 331 (2006) 
[133]  B. Bockrath, J. K. Johnson, D. S.  Sholl, B. Howard, C. Matranga, W. Shi, D. 
Sorescu, P. M. Ajayan, G. Ramanath, M. Terrones, T. W. Ebbesen, Science 297, 
192 (2002).  
[134]  Y. Zhang, T. Gong, W. Liu, X. Zhang, J. Chang, K. Wang, D. Wu, Appl. Phys. 
Lett. 87, 173114 (2005) 
[135]  H. Zeng, C. Yang, J. Dai, X. Cui, J. Phys. Chem. C 112, 4172 (2008).  
[136]  P. Li, K. Jiang, M. Liu, Q. Li, S. Fan, J. Sun, Appl. Phys. Lett. 82, 1763 (2003)  
[137]  J. Wei, H. Zhu, D. Wu, B. Wei, Appl. Phys. Lett., 84, 4869 (2004) 
[138]  X. Cai, S. Akita, and Y. Nakayama, Thin Solid Films 464, 364 (2004) 
[139]  H. R. Leider, O. H. Krikorian, and D. A. Young, Carbon 11, 555 (1973) 
126 
 
[140]  P. X. Hou, C. Liu, J. M. Cheng, Carbon 46, 2003(2008) 
[141] http://www.physics.nus.edu.sg/~physowch/CNT_Actuator/CNT_Actuator.html 
[142]  P. Kim, C. M. Lieber, Science 286, 2148 (1999) 
[143]  P. Poncharal, Z. L. Wang, D. Ugarte, W. A. de Heer, Science 283, 1513 (1999) 
[144]  R. H. Baughman, C. Cui, A. A. Zakhidov, Z. Iqbal, J. N. Barisci, G. M. Spinks, 
G. G. Wallace, A. Mazzoldi, D. de Rossi, A. G. Rinzler, O. Jaschinski, S. Roth, 
M. Kertesz, Science 284, 1340 (1999) 
[145]  J. N. Barisci, G. M. Spinks, G. G. Wallace, J. D. Madden, R. H. Baughman, Smart 
Mater. Struct. 12, 549 (2003) 
[146]  M. Hughes, G. M. Spinks, Adv. Mater. 17 443 (2005) 
[147]  W. Fang, H. Y. Chu, W. K. Hsu, T. W. Cheng, N. H. Tai, Adv. Mater. 17, 2987 
(2005) 
[148]  C. Park, J. H. Kang, J. S. Harrison, R. C. Costen, S. E. Lowther, Adv. Mater. 20, 
2074 (2008) 
[149]  L. Z. Chen, C. H. Liu, C. H. Hu, S. S. Fan, Appl. Phys. Lett. 92, 263104 (2008) 
[150] B. Ashrafi, P. Hubert, S. Vengallatore, Nanotechnology 17, 4895 (2006)  
[151]  V. Sazonova, Y. Yaish, H. Üstünel, D. Roundy, T. A. Arias, P. L. McEuen, 
Nature 431, 284 (2004) 
[152]  S. W. Lee, D. S. Lee, R. E. Morjan, S. H. Jhang, M. Sveningsson, O. A. Nerushev, 
Y. W. Park, E. E. B. Campbell, Nano Lett. 4, 2027 (2004)  
[153]  A. E. Aliev, J. Oh, M. E. Kozlov, A. A. Kuznetsov, S. Fang, A. F. Fonseca, R. 
Ovalle, M. D. Lima, M. H. Haque, Y. N. Gartstein, M. Zhang, A. A. Zakhidov, 
R. H. Baughman, Science 323, 1575 (2009) 
[154]  Zhang, S. Iijima, Phys. Rev. Lett. 82, 3472 (1999) 
127 
 
[155]  H. Koerner, G. Price, N. A. Pearce, M. Alexander, R. A. Vaia, Nat. Mater. 3, 115 
(2004) 
[156]  S. Lu, B. Panchapakesan, Nanotechnology 16, 2548 (2005) 
[157]  S. V. Ahir, E. M. Terentjev, Nat. Mater. 4, 491 (2005) 
[158]  S. V. Ahir, E. M. Terentjev, Phys. Rev. B 73, 085420 (2006) 
[159]  S. Lu, B. Panchapakesan, Appl. Phys. Lett. 88, 253107 (2006) 
[160]  Y. L. Xie, F. C. Cheong, Y. W. Zhu, B. Varghese, R. Tamang, A. A. Bettiol, C. H. 
Sow, J. Phys. Chem. C 114, 120 (2009) 
[161]  Y. Zhu, X. Lim, M. C. Sim, C. T. Lim, C. H. Sow, Nanotechnology 19, 325304 
(2008) 
[162]  M. H. Huang, S. Mao, H. Feick, H. Yan, Y. Wu, H. Kind, E. Weber, R. Russo, P. 
Yang, Science 292, 1897 (2001)  
[163]  M. Law, D. J. Sirbuly, J. C. Johnson, J. Goldberger, R. J. Saykally, P. Yang, 














Actuation of CNT micro-structures with lasers of different 
wavelengths 
 
In our experiments, we usually use a (red) laser of wavelength 663 nm. The laser 
induced actuation of our CNT micro-structures can also occur with other wavelengths of 
lasers. Figure A1 below shows a set up actuation experiments carried out with different 
lasers (wavelengths 532, 655 and 1064 nm), over their working range of laser power. We 
see similar linear relations between laser power and actuation magnitude in all the 
wavelengths. 
 
Figure A1. Actuation magnitude versus laser power with lasers of different wavelengths. 
 
 
